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PREFACE. 
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( 
The work reported in this thesis was carried out in the 
Depcrtment of Chemistry of the Australian National Uni-
versity under the supervision of Dr J. H. Bradbury . The 
work is wholly original except where due reference is 
made in the text. 
/~~~~-
(M. D. Fenn) 
Canberra, August 1967. 
SYKOPSIS 
The effect of mixed solvents of ethylene dichloride 
and dichloroacetic acid on the conformation of poly-1 -
benzyl- L- glut81Ilate of various DP 'sand several other 
w 
polypeptides has been investigated using viscosity studies 
and nuclear magnetic resonance spectra . 
Polypeptides that are thought to be in the random 
coil form in dichloroacetic acid exhibit a polyelectrolyte 
effect in that solvent while poly- L- alanine, thought to be 
helical in dichloroacetic acid shows no such effect. The 
effect that water and/or simple salts dissolved in the 
acid has on the polyelectrolyte effect is noted. simple 
method of accurately determining the amount of water pres-
ent in dichloroacetic acid is discussed. Nuclear magnetic 
resonance spectra support the conclusion tha t in DCA, 
polypeptides thought to be in the random coil form a re 
partially or wholly charged. 
The helix- coil transition of poly- 1-benzyl-L-glut-
BJilate has also been investiga ted. Results indica te t ha t 
the transition is not a two state model but intermedi a te 
stages are passed through . It is shovm tha t small _emounts 
of acid added to the helix-supporting solvent cause a 
charge density to appear on the helix, this char g e density 
giving rise to terminal disorder and flexibility with in 
the remaining helical section. The amount of terminal 
disorder is found to be independent of the degree of 
polymerisation but depends on the concentration of the 
acid in the solvent mixture. It is concluded that the 
main contributor to the helix-coil transition is charging 
of the amide linkages, the transition being caused by 
electrostatic repulsion. 
'rhe molecular dimensions of poly-1-benzyl-L-glut-
amate do not pass through a pronounced minimum in the 
region immediately preceding the transition from coil to 
helix although this minimum in macromolecular dimensions 
has been observed for poly-L-glutamic acid and poly-L-
lysine and is predicted from theory. 
The observations made in this thesis, with the ex-
ception of those made in the immediate vicinity of the 
transition, are found to be similar to those predicted 
from theory . The results have been used to calculate an 
estima te of the value of 0-, the co-operativeness para-
meter, the value of which is similar to that obtained by 
other methods. It is found that due to the nature of the 
theoretical equations, the general theory cannot be used 
to predict the properties of the macromolecule in the 
immediate vicinity of the transition. 
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CHAPTER I: INTRODUCTION 
Very few problems in natural science have been 
subjected to such intensive investigation as the struct-
ure of proteins. One of the main features of protein 
investigation is the wide variety of experimental tech-
niques used, from sophisticated techniques such as X-ray 
crystallography, nuclear magnetic resonance and optical 
rotatory dispersion to viscosity, osmotic pressure, 
electrical conductance, titration and simple organic 
chemistry. 
By the beginning of the present century, the work 
of many organic chemists had shown that proteins were 
composed of numbers of a select group of amino acids 
bonded together in a chain-like manner .* The work of 
Emil Fischer (1906) left no doubt of the importance of 
t he peptide bond as the principal link involved in join-
ing one amino acid to another in proteins and their 
synthetic analogues the polypeptides. However, little 
was known about the structure of proteins with the 
exception of the fact that they had extremely large mol-
ecular weights. 
*Footnote; A comprehensive history of the isolation of 
the various amino acids from proteins is given in 
Cohn and Edsall, "The Proteins 11 , Reinhold Publishing 
Co. , 1943 
3. 
In the first few decades of this century the det-
ermination of the molecular weights of proteins was the 
subject of many research studies. As early as 1904 os-
motic pressure measurements were used to estimate prot-
ein molecular weights (Reid, 1904, 1905). Since that 
time a large number of protein molecular weights have 
been obtained from osmotic pressure measurements (Burk, 
1932; Adair, 1930; Roche, 1935; Sorenson, 1925). The 
advance in osmotic pressure measurements and the cons-
equent determination of molecular weights was paralleled 
by the advance in determining the shape and size of pro-
teins by sedimentation and viscosity. In 1940, a thor-
ough treatment of the viscosity of solutions of ellips-
oidal molecules by Simha (1940) enabled the axial ratio 
of an ellipsoidal molecule to be calculated with great 
certainty from the viscosity. An accuracy which was 
later found to be true by Doty et al. (1956). 
By this year the molecular weight and overall shape 
of most proteins were lmown. But still the basic struct-
ure of the proteins was an unknown quantity. By this 
time a new and powerful tool, X-ray crystallography, had 
been added to the techniques employed. The pioneering 
investigations of Astbury had revealed that distinct 
types of polypeptide conformations existed in proteins. 
In 1951-52 the fifty years of intensive investig-
4. 
ation reached a climax with the publication by Pauling 
and Corey (1951, 1952) of a series of papers on the now 
famous concept of the CX--helix. Confirmation of the 
presence of the CX-helix in polypeptides was not long in 
coming. In 1953, Bamford and his co-workers detected 
the presence of an <X-helical structure in solid poly-
peptides, not surprisingly enough by X-ray crystallogr-
aphy. The technique of X- ray crystallography has now 
been developed to such a stage that the tertiary struct-
ure of whole proteins has been elucidated (Kendrew et al., 
1960, 1961). 
The question still arose as to whether or not the 
~-helix was stable in solution. A revealing study of 
the influence of solvent on the structure of poly-Y-
benzyl-L-glutamate has been made in the course of a 
series of papers by Doty and his co-workers (Doty et al., 
1956; Yang and Doty, 1957). The liquids tested as 
solvents for a polypeptide sample of a fairly high deg-
ree of polymerisation could be placed in four categories, 
(1) non-solvents (2) solvents in which extensive aggreg-
ation of the polypeptide molecules occurred (3) solvents 
in which little aggregation occurred and the polypeptide 
was a-helical in form (4) solvents in which the poly-
peptide was in a disorganised random coil conforma tion. 
The criteria used for distinguishing between the r andom 
5. 
coil and the a-helical forms were viscosity, light 
scattering and anomalous optical rotatory dispersion. 
It was found that the axial ratio obtained from intrin-
sic viscosities of the helical form using Simha's rel-
ationship for ellipsoids of revolution (1940) agreed 
within experimental error with the axial ratio obtained 
from X-ray crystallography (Arndt and Riley, 1955). 
Doty also observed that for the random coil conformat-
ion, the intrinsic viscosity molecular weight relation-
ship followed that predicted for random coils in a good 
solvent, that is, the Mark-Houwink relationship, 
where k is a constant and CX should lie between 0.5 and 
1.0 for the random coils. The value of .O: found by Doty 
was 0.87. 
It was also observed that if the polypeptide was 
dissolv.ed in a helix supporting solvent, ethylene di-
chloride, and a random coil supporting solvent, dichlor-
acetic acid, was added, a sharp transition occurred f rom 
the CX -helical form to the random coil form when the sol-
vent composition was 75% DCA/ 25% EDC. 
The question arises, what is the mechanism of the 
helix-coil transition and what is the driving force be-
hind it? 
The helix supporting solvents, dimethyl form.amide, 
6. 
m-cresol, dioxane, ethylene dichloride, pyridine, all 
appear to be relatively weaker hydrogen bonding agents 
than the random coil supporting solvents. On the other 
hand, solvents which were found to induce the r andom 
coil formation, dichloroacetic acid, trifluoroacetic 
acid , hydrofluoric acid, are all strongly protic solv-
ents. Singer (1962) and Doty (1956) have suggested 
that because of their ability to form strong solvent-
solute hydrogen bonds, the disruption of the helix may 
be by successful competition by the solvent for t he 
intramolecular hydrogen bonds of the helix. As the 
random coil supporting solvents are all strong a cids, 
the possibility of protonation of the helix amide link-
ages and consequent disruption of the helix by electro-
static repulsion as is known to occur in poly-L-glutamic 
acid (Doty et al., 1957) cannot be overlooked. Early 
studies by Klotz (Klotz and Franzen, 1962; Hanlon et al., 
1963; Klotz et al., 1964) have indica ted tha t simple 
amides were protonated in strongly protic solvents such 
as trifluoroacetic acid. During the course of t h ese 
studies, two further papers were published by Klotz and 
his co-workers (Hanlon and Klotz, 1965; Hanlon, 1966) 
which proved beyond doubt tha t in strongly protic s olv-
ents, the amide linkages of poly-7-benzyl-L-glutamate 
are charged. 
7. 
This study of the helix-coil transitions in poly-
·r-benzyl-L-glutamate by nuclear magnetic resonance 
spectroscopy and viscosity studies is an attempt to try 
to decide which of the two possibilities , solvent-solute 
interactions or protonation and consequent disruption of 
the helix through electrostatic repulsion, is responsible 
for the disruption of the helix in poly-l-benzyl-L-
glutamate . 
An a ttempt is also made to fit the da ta obtained 
to the current theories of helix- coil transitions. 
(Zimm and Bragg, 1958, 1959; Zimm and Rice, 1960; Lifson 
and Roig, 1961; Nagai, 1961). 
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SECTION I: REAGENTS , PREPARATION Arm PURIFICATION. 
A. Solvents 
The solvents are listed below with their abbreviated 
nomenclature which will be used hereafter. 
(1) Dichloracetic acid (DCA) 
The acid was purified by distillation under reduced 
0 pressure at 1-2 mm. pressure, B.P. 50-60 C., the first 
10. 
20% and the last 20% being discarded. For polyelectrolyte 
measurements, the acid was further purified by placing 
over anhydrous calcium sulphate for several days, decanting 
off and redistilling under reduced pressure, the distill-
ation apparatus being well protected from moisture by 
liquid air traps. The product obtained was shown by sub-
sequent Karl Fischer titrations to conta in between 0.1 % 
and 0.3% water. Attempts to obtain completely anhydrous 
acid were unsuccessful. 
(2) Ethylene dichloride (EDC ) 
Laboratory grade reagent was washed several times 
with water, then dried over phosphorous pentoxide for 
two hours. It was then distilled using a 90 cm. spinning 
band column, the purity of the distillate being checked 
by a vapour phase chromatogram. The distillate was 
collected when no impurities could be detected by the 
instrument: 
-
Estimated purity:>99.9%, B.P. 81.5°C. at 714 mm . 
pressure. 
Reported: s3.5°c. at 760 mm. pressure (Weissberger) 
(3) Trifluoroacetic acid (TFA) 
The acid was dried over phosphorus pentoxide for 
several hours and then distilled under high vacuum. 
(Klotz, 1965; Klotz et al., 1964) 
(4) Tiimethylformamide (TIMF) 
The amide was treated with sodium bicarbonate , 
decanted off and fractionally distilled from phthalic 
acid at reduced pressure on a 90 cm. spinning band 
column. (Lundberg and Tioty, 1957) 
(5) Iso-butanol 
Laboratory grade reagent was fractionally distilled 
0 on a 50 cm. spinning band column, B. P . 105 C. at 719.3 
mm. pressure. Reported: 107.9°C. at 760 mm . pressure . 
(Weissberger) 
(6) n-Butanol 
Laboratory grade reagent was fractionally distilled 
0 on a 50 cm. spinning band column, B. P . 115.2 C. at 720.7 
mm. pressure. Reported: 117.7°C. at 760 mm . pressure. 
(Weissberger) 
(7) Chloroform 
1 1 • 
Chloroform for nuclear magnetic resonance studies 
was of spectroscopic quality . The stabilising alcohol 
wa s removed by wa shing six times with water. The 
hydrocarbon was then dried by placing over molecular 
sieve no . 4A for several days, decanted off and stored 
in a dark coloured bottle. 
(8) n-hexylamine 
The amine was refluxed then distilled from calcium 
hydride on a 50 cm. s pinning band column, B. P . 129°c. 
at 720 mm. pressure . This was dissolved in dry DI/JF 
(concentration 3 X 10-3 moles per cc.) and the required 
amount of this solution added as initia tor in polymer-
isations. (Blout and Karlson, 1956) 
(9) Water 
Water used for viscosity measurements was triple 
distilled in an all glass apparatus . 
(10) Other solvents 
The following solvents were of anal ytical grade 
quality and were used after drying over molecular sieve 
no. 4A. no further purifica tion was attempted . 
n-hexane, ethyl ac etat e, dioxane , petroleum ether, 
methanol, spectroscopic deutero chloroform. 
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B. Polypeptides 
Polypeptides were prepared via the N-ca rboxy 
anhydride. (Blout and Karlson , 1956). 
All polymerisations were carried out in DI:IF , a 
polymerisation medium in which it has been discovered 
that the molecular weight distribution produced is very 
narrow. (Lundberg and Doty , 1957). Initiation of the 
polymerisation was with a primary amine , n- hexylamine. 
For initia tion by a primary amine the number of moles of 
anhydride/the number of moles of initia tor equals DPn ' 
the number average degree of polymerisation . (Lundbe rg 
and Doty, 1957). DPw is the weight average degree of 
polymerisation. All transfer, filtering and polymer-
isation operations were carried out in a dry box to 
preclude the possibility of water being present. With 
the exception of the phosgene solution, all solvents 
were kept in a dry box over molecular sieve no . 4A. 
(1) Preparation of N-carboxy- - benzyl-L-glutamate anhydride. 
Finely ground - benzyl-L- glutamate (5 grrns .) was 
suspended in 50 mls . of 12½% phosgene in toluene solution, 
and 50 mls. of dry dioxane. The mixture was stirred . 
continuously using a magnetic stirrer and the temperature 
slowly raised to 45-50°C. over a period of three hours. 
After three hours a clear, pale yellow solution was 
obtained. The mixture was a llowed to cool and t hen 
evaporated to dryness in vacuo at room temperature. 
The residual mass was dissolved in about 30 mls . of dry 
chloroform. n-Hexane was then added slowly until cryst-
allisation commenced. Crystallisation was complete in 
12 hours at -15°C. The precipitate was isolated by 
filtration, washed thoroughly with n-hexane to remove 
any excess phosgene and dissolved in the minimum amount 
of dry ethyl acetate at room tempera ture. The solution 
was filtered and n-hexane added until crystallisa tion 
commenced. 0 After 12 hours a t -15 C., the anhydride was 
isola ted by filtration, washed several times with n-hexane 
and dried by suction for 15 minutes . 
M.P. 93.5 - 94o0°C., yield 60 - 70%. 
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The anhydride was polymerised immediately after prep-
aration. (Blout and Karlson , 1956; Ledger and Stewart, 1966) 
(2) Polymerisations. 
A typical polymerisation was carried out a s follows . 
Dry distilled DMF (20 - 30 mls .) was placed in a 
100 ml. beaker and the calcula ted amount of initiator 
(0.3 - 3.5 mls.) added using a syringe . The anhydride 
(2-4 grms.) was added at room tempera ture and dissolved 
immediately. Polymerisation was a llowed to proceed for 
six hours, after which time distilled water (30 mls.) 
was added. The polymer immediately precipit ated . The 
DMF/water mixture was removed by evaporation in a forced 
Tm------ -~ ~ -
draught at room temperature. The crude polymer was 
dissolved in the minimum amount of dioxane, filtered, 
and the solution (50-100 mls.) lyophilised. Yield 
50-70%. Polypeptides of high DP were purified by 
w 
dissolving in the minimum. amount of a suitable solvent 
(TFA, dioxane), reprecipitating in methanol or petrol-
eum ether and drying in vacuo at 100°c. for several 
hours. Polypeptides of low DP were purified by dissolv-
w 
ing in the minimum amount of dioxane, lyophilising the 
solution and drying at moderate tempera tures (30-40°C.). 
(3) Determination of DP 
By viscosity: 
DP 's were obtained from the intrinsic viscosities 
w 
in DCA and DMF using the calibrations of Doty et al., 
1956 and Mitchell et al ., 1957. Since for polypeptides 
of DP > 100 , calibrations for the viscosities in both 
w 
DCA and DMF were available, the value quoted is an aver-
age . For values of DP< 100 only the calibration for 
w 
viscosities in DCA was available, hence only a single 
value is quoted. 
By NWR spectra: 
During polymerisation the n-hexylamine initiator 
becomes attached to the C00H group of the growing polymer 
chain. Polypeptides formed with this initiator have the 
f ormula: 
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H - ( tlli - CH - CO)n - NH - CH2 - ( CH2) 4 - CH3 
I 
(CH2)2 
I 
co 
I 
0 - CH2 - c2H5 
The (CH2) 4 and the CH3 protons of the n-hexylamine 
resonate at high field in a position removed from the 
proton resonances of the glutama te residues. By comp-
a ring the a reas under these peaks with the area under 
the CH2 peak a djacent to the benzyl group or the a rea 
under the benzyl group itself a n estimate of DPn is 
obta ined. Table 2A shows va lues found for samples 
MDF 13, MDF 16, and TvIDF 17. Spectra of the s amples in 
TFA are reproduced in Fi gs . 2A , 2B and 2C. 
Table 2A. 
Sample no. DP DPn Fig . w 
MDF 16 15 15 + .5 2A -
IvIDF 13 10 10 + .5 2B -
MDF 17 3.3 + .1 2C -
(4) Solutions 
Solutions were prepared by weighing the polypep- -
tide into standa rd volumetric f l asks and making up to 
the mark with solvent. Concentrations a re expressed in 
weight% . All solutions were filtered through a sintered 
gl ass filter of medium porosity. k ixed solvents were 
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prepared volumetrically and solutions of polypeptides 
in mixed solvents prepared as above. 
(5) Other sources 
A number of the polypeptide samples were kindly 
supplied by Prof. P. Doty of Harvard University, Boston, 
U.S.A. and Dr F. Stewart of the Division of Protein 
Chemistry, C.S.I.R.O., Melbourne. Others were obtained 
from a commercial source, the Pilot Chemical Co., 
Watertown, Mass., U.S. A. Relevant data on the source 
and the size of the polypeptides are summarised in 
Table 2B. 
17. 
18 . 
TABLE 2Bo 
Po lypeptide Sample DP Source l 
No . w 
Poly- l'-benzyl-L- RK832 2010 + 90 Doty 
glutamate (PBG) -
RK794 1534 + 73 ti 
G51 1233 + 27 Pilot 
G25 1164 + 36 H 
IG1 425 + 18 fl 
-
RK384 443 + 5 Doty 
-
RK775 295 + 5 ti 
- I RK774 232 + 3 ll 
-
A27 155 l If + 3 l 
- ! 
I RK5B 98 " j ~ 
I 
MDF8 53 This work 
~.IDF9 40 t 11 l 
MDF7 28 ti 
MDF15 28 I II I 
MDF10 26 " 
/' I 
MDF14 i 21 n ! 
MDF12 18 II 
HDF 16 15 II 
MDF 11 l 13 I n I 
I 
MDF13 10 It 
MDF17 3. 3-* n 
* DP n obtained from NI.~ spectra 
1: 
I 
TABLE 2B . (cont.) 
Polypeptide 
Poly-~-benzyl-L-
aspartate (PBA ) 
Poly-f -carbobenzoxy 
-L-lysine (POL) 
Poly-L-alanine 
Poly)L-leucine 
Sample 
Noo 
A10 
L18 
6271 
6251 
DP 
w 
540 
1340 
est 800 
est 800 
Source 
Pilot 
Pilot 
Pilot 
Pilot 
The following peptides were obtained through the courtesy 
of Dr F. Stewart: 
carbobenzoxy-(1-ethyl-L-glutamate) 2-0H , (FS1); 
carbobenzoxy-(7'-ethyl-L-glutamate) -('l- methyl- L- glutama te)-
19. 
O-(para nitrobenzyl), (FS2); 
carbobenzoxy-(J-ethyl-L-glutamate )-(7-methyl-L-glutama te)-
(J -ethyl-L-glutamate )-O-( para nitrobenzyl), (FS3); 
carbo benzoxy-(7- methyl-L-glutamate ) 2-(valine) - O-( par a 
nitrobenzyl), (FS4 ); 
carbobenzoxy-(l -ethyl-L-glutamate)-(1- methyl- L-glutamate-1 
-ethyl-L- glutamate) 2-(valine) -O-( para nitrobenzyl), (FS5). 
C. Other reagents 
The following reagents were used without further 
purification. 
(1) Laboratory reagent grade materials: 
Lithium chloride; N-ethyl aniline; NN dimethyl 
formamide; N- methyl formamide; N-propylamine; 
N methyl acetamide; NN dimethyl a cetamide; N-
propylamide; Karl Fischer reagent (stabilised); 
12 ~% phosgene in toluene solution. 
(2) Analytical reagent grade materi als: 
Potassium chloride; calcium chloride; N-isopropyl 
benzamide; diethyl a cetamino malonate; deuterated 
dimethyl sulphoxide. 
SECTION II: VISCOSITY MEASUREMENTS . 
A. Theory of operation of the Ubbelohde viscometer 
The rate of flow of liquid through a capillary 
is related to its viscosity by Poiseuille's equation: 
7rd g h a 4 
• 
8 V 1 
where a is the capillary radius in ems. 
1 is the capillary length in ems. 
t 
V is the volume of the upper bulb in ccs. 
t is the flow time in secs. 
~ is the absolute viscosity in poises 
d is the density of the liquid in grrns/cc. 
h is the average liquid head in ems. 
g is the gravitational constant 
For a given viscometer, 7r , g, h, a , V and 1 are 
constant, hence 7J = Kt. Since the specific viscosity 
is defined as follows, 71 sp rz 7l /7J 
O 
- 1 where 7J and 
21 . 
~ 0 are the viscosities of the solution and solvent 
respectively, the following may be written~ = t/t
0 
- 1 
sp 
where t and t 0 a re the flow times of the solution and 
solvent respectively. 
The intrinsic viscosity or limiting viscosity 
number,[,], is generally defined as Lt 
C=O 
'1J /c where sp 
c is the concentration, being obta ined as the ordinate 
on extrapola tion of the 7J /c vs. c graph to zero 
sp 
concentra tion. For uncharged macromolecules whether 
rigid or flexible the above relationship has been 
found to be a linear one. 
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B. Errors encountered in precision viscometry 
(1) Kinetic error 
It must be noted that the Poiseuille equation 
does not take into account the kinetic error caused 
by the initial acceleration and velocity which must 
be imparted to the flowing liquid. The corrected 
equation is : 
7rd g h a 4 
8 V 1 • t 
where mis the kinetic energy coefficient. 
(2) End effect 
m V d 
8 7r 1 t 
A liquid undergoes sudden contraction and expansion 
upon entering and leaving a capillary. Hence the veloc-
ity of the liquid is less near the ends than in the 
middle point of the capillary . This may be considered 
as equivalent to increasing the effective length of 
the capillary. The Poiseuille equation, corrected for 
both end and kinetic effects can 
7fdgha4 
8 V (l+na) 
then be written as: 
.t m V d 8 7r (l+na) t 
where na is generally of the o,rder of several times 
the radius of the capillary. 
(3) Surface tension and drainage effects 
Since these errors are applied to both the soly,ent 
and the solution, they become relatively insignificant 
23. 
when only relative viscosities are considered. Corr-
ections for these errors may be incorporated into the 
Poiseuille equatlon. If the flowtime of two liquids 
of knovm densities and viscosities are found then 
according Poiseuille 's equation: 
171 - k d1 t1 
T/2 - k d2 t2 
where 77 1 , 7} 2 , d1 , d2 , t 1 and t 2 a re the viscosities, 
densities and flowtimes of liquids 1 and 2 respect-
ively. Thus: 
If the errors due to the abovementioned effects are 
small enough to be neglected then: 
~1 d2 t2 - 1 
772 d1 t1 
Table 2C shows values of this ratio obtained for 
the various viscometers used. The ratio is never 
greater than 1.007. Hence it can be assumed that the 
abovementioned errors are negligible. 
(4) Turbulent flow 
The validity of Poiseuille's equation immediately 
precludes the possibility of turbulent flow occurring . 
(5) Density effect 
In the definition of intrinsic viscosity the 
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T.:\.BLE 2C . 
Viscometer Flowtime Flowtime Ratio No. 
Dist. water EDC 
1 1 169.35 118. 7 1.007 
12 245.3 17207 1 .003 
10 210.0 148.2 1.000 
1 1 169.35 
isobutanol n-butanol 
1A 158.9 117.7 1.003 
6 221.35 164.2 1.004 
61 326.1 242.0 1 . 005 
1A 158.9 117 .8 1.003 
Values of viscosi_ties and densities used in the calc-
ulat ions were obtained from data of We issberger and 
J anz et al . 
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densities of the solution and the solvent have been 
considered to be equal. This is not strictly correct. 
For an Ubbelohde viscometer the definition should be: 
[77] 1 - Lt dt - doto 
c=O d0 t 0 c 
where d and d 
0 
are the densities of the solution and 
solvent respectively. Tanford, 1955, has shown that 
[ 77 ]1 _ [ 77] + ( 1 + vd0 ) / 100d0 
where [ 7,7] - Lt t-t o 
t
0
c C=O and [77] 1 is as 
defined above. vis the partial specific volume of 
the solute. 
Using the value of 0.786 in EDC and 00780 in DCA 
for v (Bradbury et al., 1965) and the appropriate 
densities the following is obtained: 
[ 7J] ;DC 
[77] ~CA 
= [77] + 
= [7J] -
0.00012 
0.00135 
Thus the density correction will only be significant 
for macromolecules having low intrinsic viscosities. 
No correction for density to the intrinsic viscosities 
reported in the work has been made as the error involved 
is well within experimental error. 
(6) Timing error 
The stopwatch used for flow time mea surements 
could be rea d to 0.1sec. Hence, error in flow time 
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readings is+ 0.1 secs. As 7J /c -sp 
it is evident that the% error due to timing will 
increase as (t - t) decreases, i.e. as the concentr-
o 
ation and the viscosity decrease. Hence timing error 
is only unimportant for high intrinsic viscosities and 
becomes appreciable when the intrinsic viscosity is 
less than unity. The timing error is further accent-
uated by the following: personal reaction time; small 
particles of dirt that may be present; incomplete mix-
ing during dilutions; and small temperature fluctuations. 
As these errors are random, a statistical treatment of 
the values of '7sp/c is applicable. Application of 
least squares techniques to the Huggins' plots, i.e. 
plots of ~p/c against concentration, gave errors in 
the range 1-6%, with the majority being 1-2% in magnit-
ude. Table 2D lists [77] and the % error observed in [J] . 
The % error in[77 J was obtained from the statistical 
treatment of the Huggins 1 plots. 
TABLE 2D 
[ 71] % error 
1 1 0.5 
5 1.0 
1 • 5 2.0 
0.07 4.0 
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C. Experimental techniques 
Viscosities were measured at 25.00 + 0.01 °c. using 
modified Ubbelohde viscometers. It was found imperative 
that all solutions and solvents, including those used for 
cleaning purposes, be filtered through a sintered glass 
disc of medium porosity. Solutions were filtered slowly 
so as to avoid loss of solvent through evaporation. All 
glassware used in the viscosity experiments was regula rly 
cleaned by immersing in either chromic acid or a surfa ce 
active detergent RBS5, after which it was washed several 
times with distilled water then reagent gr ade a cetone 
and finally dried in an oven. Just prior to use, dry 
nitroge~ was blown through the glassware to remove any 
dust particles that may have been present. 
A diagram of the type of viscometer used is shown 
in Fig . 2D. 
In use: 
The viscometer was first a ttached to a steel rod by 
means of spring clips and the bubble level D clipped onto 
the capillary C. Five mls. of previously filtered solut-
ion or solvent were then introduced via a pipette into 
the l a r ge conical bulb, care being t aken so as not t o 
leave liquid on the walls of the filling tube. The dust 
filter and the tap E were then a ttached and the whole 
Steel __ 
Rod 
I 
I 
Dust 
Flit er 
Ground glass joints 
Spring clips 
Tap E 
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assembly placed in the water bath, being held by an 
adjustable clamp. The angle of the steel rod was then 
adjusted by means of the clamp until the capillary was 
shown to be vertical by the bubble lev.el. After temp-
erature equilibration, tap E was closed and the liquid 
was slowly sucked up the capillary by use of a water 
pump until the uppermost bulb was half full. The suck-
ing action was then stopped and tap E opened; the liquid 
immediately broke at G forming a suspended level. The 
time for the liquid to flow from the upper fiduciary 
mark A to the lower mark B was determined using a stop-
watch. The above was repeated several timeroand the 
average time taken. Generally, providing adequate pre-
cautions against dust entering the viscometer were t aken, 
flowtimesfor a particular concentration agreed to +0 .1 sec. 
Dilutions were made by introducing solvent from a pip-
ette into the large conical bulb. After each dilution , 
the solution was mixed by bubbling air through it. 
Frothing and consequent loss of solvent through evapor-
ation was avoided by gentle mixing . 
Values of 7, /c were calculated for a series of 
sp 
concentrations, plotted against concentrat ion and ex-
trapolation to zero to obtain they intercept which is 
equal to [77]. 
In the majority of cases, values of , were 
sp 
fitted to a linear regression of c by the me t hod of 
least squares, enabling a confidence limit to be placed 
on the value of [J] found . These limits were of the 
order 1-6% 
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SECTION III: KARL FISCHER TITRATIONS. 
The method used is essentially the same as that 
recommended by Mitchell and Smith (1948), excess Fischer 
reagent being added and the excess being back-titrated 
by a 'standard" water in methanol solution. The end 
point is detected by a dead stop apparatus, the circuit 
of which is shown below: 
ilV Galvanometer , G, 
was PYE type 
7893/S with a 
G- resistance of 9001'-
~o.a. 
-WVW.f\-
The apparatus employed is illustrated in Plate 1. 
Karl Fischer ,(1935), described a reagent contain-
ing iodine, sulphur dioxide, anhydrous methanol and 
anhydrous pyridine . Although the reagent was developed 
primarily for the determina tion of water in sulphur 
dioxide, it was subsequently found to be applicable to 
the determination of water in general. Smith, Bryant 
and Mitchell, (1939), showed tha t the reaction in meth-
anol solution appears to t ake place in two stages. 
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I 
so 
C H N/ f 2 + CH30H 5 5 0 
A relatively sharp and reproducible end point can be 
obtained by adding the reagent until the first appear-
ance of the unused iodine. However, the determination 
of the end point by a potentiometric method is more 
sensitive and can be applied to coloured solutions and 
suspensions. When a small e.m.f. is applied to a pair 
of identical platinum electrodes dipping into a solution 
containing no depolarising substances, little or no 
current flows. This may be due to the formation of 
adsorbed layers of hydrogen or oxygen upon the cathode 
and anode respectively. The electrodes are said to be 
polarised , and current cannot flow unless the depolar-
isation of both is effected. The- fundamental require-
ment of the dead-stop technique is the small potential 
differences between the electrodes. This low potential, 
10 to 80 mV in the ca se of the Fischer titration, is 
balanced by the back e.m.f. of polarisation, hence no . 
current flows, and the galvanometer in the circuit 
remains undeflected. 
In the back-titration method the potential difference 
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between the platinum electrodes immersed in the solut-
ion containing the Fischer reagent is adjusted to a 
value between 10 and 80 mV. Sufficient current will 
flow through the solution to deflect the galvanometer 
off scale. During the addition of "standard" water in 
methanol solution the galvanometer will remain off 
scale. At the actual end point the galvanometer will 
return to the zero position. Here, both electrodes 
remain depolarised during the titration, since the 
active Fischer reagent (which always contains iodide 
ions) provides the iodine-iodide couple of oxidising 
and reducing agents which act as cathode and anode 
depolarisers respectively. At the end point when all 
the iodine has been removed, the cathode is polarised , 
after which current ceases to flow. 
The Fischer reagent and nstandard'1 water in methanol 
solution are separately contained in dark coloured 
bottles. The solutions are pumped into their respective 
burettes by a hand bellows, the air passing into the 
bottles being dried by a suitable drying agent , in this 
case a mixture of silica gel (self indicating) and 
magnesium perchlorate. Both burettes have a capacity 
of 10 mls. and are graduated in 0.02 mls. They are 
closed by small tubes containing silica gel and magnesium 
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perchlorate. The titration vessel has a capacity of 
50 mls. and ca r r ies a well-fitting wax-impregnated 
stopper. The stopper is drilled with holes to take 
the two burettes, two glass tubes with sealed-in plat-
inum electrodes and an inlet tube through which dry 
nitrogen can be passed. All tubes passing through the 
stopper are thickly coated with grease to give an a iT-
tight seal. 
The solution to be titrated is introduced via a 
side arm on the vessel which a t all other times is closed 
with a small drying tube. Stirring was achieved by means 
of a small magnetic stirrer placed beneath the vessel. 
Karl Fischer reagent used was May and Baker stab-
ilised reagent, 1 ml. of which was equivalent to 4 mg . 
of water. This reagent is remarkably stable, no det-
eriora tion in the reagent being obser ved over a period 
of two weeks. The following pro cedure was adopted for 
standardisa tion of the Karl Fischer reagent . 
The titra tion vessel was washed with a cetone, dried 
in an oven and fitted with the well-greased cork stopper . 
Fischer reagent (0.5 mls.) was then introduced and allow-
ed to stand 5-10 mins. to obta in a dry interior. The 
remaining Fischer reagent was back- titrated just to the 
end po int with 11 s t andard" water in methanol solution. 
The sample (5-10 mls.) was then added and titrated. 
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Samples of "standardlT water in methanol solution cont-
aining a known amount of water and blank titrations on 
the 11 dry" methanol are used to standardise the Fischer 
reagent . Using this technique, results reproducible to 
0 . 1% are easily obtained. 
When titrating DCA difficulty was encountered due 
to DCA reacting with the pyridine in the Karl Fischer 
reagent . This was overcome by first neutralising the 
acid with dry pyridine. Pyridine (5 mls.) was rendered 
anhydrous by placing in the reaction vessel and titrat-
ing with reagent just to the end point. DCA (5 mls.) 
was then added and the titration continued. Reprod-
ucibility varied from 1-5%. 
Table 2E lists the results obtained from these 
titrations . The results are graphically portrayed 
in Fig . 2E . 
The viscometer used in these calibrations was 
o . 1A . The viscosity of DCA is very sensitive to the 
amount of water present. 0.04% water can be detected 
viscometrically . 
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TABLE 2E. 
Karl Fischer titrations for water. 
. • 
K~nema~ic = 71 /d % I-I 0 Avge % H2o Flowtime viscosity 2 
(seconds) (centi~oises mls 
grrns- X 103) 
149.45 3.8885 0.923 ) 
) 0.097 + 0.005 
149.45 3.8885 0. 1026 ) 
151 .05 3.9302 0.37 0.37 
15207 3.9731 0.625 ) 
) 0.618 + 0.007 
152.7 3.9731 0.611 ) 
153095 4.0057 0.843 ) 
) 
153.95 4.0057 0.806 ) 0.823 + 0.02 
) 
153095 400057 0.821 ) 
155.55 400473 1.09 1.09 
157.8 4. 1059 1.549 ) 
) 1.54 + 0.01 
157.8 4. 1059 1.532 ) 
161.25 4.1956 2.495 2.49 
163.65 4.2580 3. 19 3. 19 
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SECTION IV: NUCLEAR MAGNETIC RESONANCE . 
Nuclear magnetic resonance spectra were obtained on 
a Perkin Elmer model R10, 60MH, spectrom.eter at 35°c. 
z 
Radio frequency power used was 1mV. Spectra obtained 
with the gain control switch in its highest position 
were scanned at a speed of 48 c/s per minute. Spectra 
obtained at any other gain setting were scanned at a 
speed of 96 c/s per minute. Chemical shifts were meas-
ured with an accuracy of± 1 c/s from an internal stan-
dard of tetramethyl silane (TMS). All solutions except 
where specifically stated were of 10% W/V concentration. 
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SECTION I: POLYELECTROLYTE EFFECT. 
The intrinsic viscosity, [?J], is generally def-
ined as Lt C=O n /c bein~ obtained from the well-known I sp ._. 
Huggins ' equation: 
"lJ IC = [ 77] + k[ ?J] 2 C 
sp 
by extrapolation of a graph of 7;'sp/c vs. c to zero 
concentration. For uncharged macromolecules whether 
rigid or flexible the above relationship has been 
found to be applicable. However, in the case of a 
charged macromolecule in the absence of a simple salt, 
7/ sp/c will increase with increasing dilution and 
hence Huggins' equation is not obeyed. This can be 
explained by the following. 
An uncharged, flexible, linear polymer may, by 
means of rotation about its single bonds, take on any 
configuration compatible with its fixed bond lengths, 
bond angles and any other steric restrictions which 
may exist. wnen a polymer is charged, then nothing is 
done to interfere with the ability of the molecule to 
take on each configuration, but now the free energies 
associated with each configuration will not be the 
same. Due to repulsion between charges , there will be 
a relatively high free energy associated with a compact 
configura tion and a relatively low free energy associated 
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with an expanded one. For a high ionic strength the 
electrostatic free energy becomes considerably reduced 
by moderate expansion and the average configuration may 
be expected to continue to have spherical symmetry, but 
with a slightly increased radius of gyration. At low 
ionic strength, however, considerably more expansion is 
required. This expansion is reflected in an increase in 
viscosity. 
For a polyelectrolyte in solution in the absence 
of a simple salt, the only mobile ions present are the 
polymer counterions. When the solution is diluted with 
pure solvent, then the counterions will distribute 
themselves at a greater distance from the polyion. The 
concentration of these ions, and hence the ionic 
strength, will decrease in the vicinity of the polyion 
and the polymer molecule will expand. Thus, for 
increasing dilutions, increasing viscosities will be 
seen; a plot of reduced viscosity against concentration 
having a characteristic nega tive slope. 
If the ionic strength is kept constant a t a rel-
atively high value during dilution then expansion 
would not occur and the intrinsic viscosity is obta in-
able from Huggins' equation. This wa s a chieved in 
this work by isoionic dilution with 0.1 m KCl. 
Table 3A summarises viscosity da t a for the various 
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polypeptides investigated in solvents which promote 
a - helical and random coil behav:iour. The presence 
or absence of a polyelectrolyte effect is indica ted. 
41 . 
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TABLE 3A. 
Polypeptide Solvent 7 % water in P. E. solvent 
PBG: 
DP =2010 DlVIF 11.55 - No w 
DCA 0. 14 Yes 
M DCA + lo KCl 2.5 1.14 No 
PBG: 
DP =1164 DMF 4.37 - No w 
DCA 0.11 Yes 
DCA 0.60 Yes 
DCA 0.98 Yes 
M DCA + 1o KCl 1.53 1.05 No 
M DCA + To KCl 1.45 (a) No 
TFA 1o38 (a) No 
TFA 1.21 (a ) No (b) 
TFA 1.02 (a) No (b) 
PBG: 
DP =425 DJY.IF 0.805 
-
No 
w 
DCA 0. 17 Yes 
DCA 0.70 Yes 
DCA 0.603 1. 45 No 
DCA M + 10 KCl 0.26 Yes 
M DCA + 10 KCl 0. 26 Yes ( c ) 
DCA + M KCl 2 0. 26 Yes 
• 
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TABLE 3A. (cont.) 
Polypeptide Solvent 7) % water in PQE. 
solvent 
PBG: M DP =425 DCA + 15 KCl est 0.62 0.5 Slight w 
DCA M + 10 KCl 0.61 1.17 No 
DCA M + lo KCl 0.61 1 .45 No 
M DCA + 1o CaC1 2 1.17 Yes 
M DCA + 15 CaC12 0.53 2.25 No 
PBG: 
DP =232 DMF 00295 - No w 
DCA 0.18 Yes 
DCA M + lo KCl 0.342 0.7 No 
PBG: 
DP =98 DlYIF 
w 
0.095 
-
No 
DCA o. 15 Yes 
DCA 1.01 Yes 
M DCA + lo KCl 0.27 Yes 
M DCA + 10 KCl est 0.22 0.5 Slight 
M DCA + lo KCl 0. 18 1.0 No 
PBA: 
DPw=540 CHC13. 0.59 - No 
DCA 0.95 Yes 
DCA 1.01 Yes 
DCA 1.03 Yes 
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TABLE 3A. (cont.) 
,_ 
Polypeptide Solvent 7J % water in P.E. solvent 
PBA: 
(a) Yes ( d) DP =540 DCA w 
DCA M + T5 KCl ( a) Yes 
M DCA + 15 KCl ( a) Yes ( d) 
M DCA + 15 KCl 0.73 1. 4 No 
DCA + fa LiCl o.9o Yes 
DCA + 1~ LiCl 0.90 Yes 
TFA 0.75 (a) No 
PCL: 
DP =1340 DMF 1.66 - No w 
DCA 0.53 Yes 
M DCA + 10 KCl 1.77 0.53 No 
TFA (a) Yes 
TFA + J!. KCl 10 1.025 (a) No 
Poly-L-alanine : 
0.5 No DP =est 800 DCA 10045 w 
TFA 0.895 (a) No 
Poly-L-1 eucine: 
DP =est 800 TFA 
w 1.25 ( a) No 
TFA 1 • 1 (a) No (b) 
TFA 1. 05 (a ) No (b) 
(a) Not determined; (b) TFA refluxed over P2o5 for 4 hours; 
(c) Polypeptide recrystallised from dioxane and petroleum 
ether; (d) Viscometer used different from No. 1A. 
A. Effect of DP on polyelectrolyte behaviour. 
w 
Fig. 3A illustrates the reduced viscosity curves 
obtained in DCA for PBG of DPw's ranging from 98 to 
2060. Schaefgen and Trivisonno, 1951, observed a some-
what similar set of curves for poly-E -caproamide in 
anhydrous formic acid. All curv:es have been reduced to 
a common base line to facilitate examination, hence 
values of 77 sp/ c given by the y axis are not absolute. 
It is evident from Fig. 3A that the polyelectrolyte 
effect has a marked dependence on DPw. As the DP 
w 
increases, the departures from linearity appear at low-
er concentrations and hav.e increasingly negative slopes. 
The explanation of this is as follows. 
A polymer chain can be considered as an assembly 
of mass elements each of mass Mi and located at dist-
ances r. from the centre oI the mass. ]. 
The total number of mass elements or chain elements 
1.s generally referred to as a-; 0- is not necessarily 
equal to the degree of polymerisation, i.e. the number 
of monomer units in the molecule, but will bear some 
simple relationship to it. For example, in polystyren~ 
there are two cha in elements per monomer unit. In this 
case, <Y= 2DP. The distribution of these chain elements 
relative to the centre of mass can be calculated and it 
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is found that the segment densityP, i.e. the number 
of chain elements per cubic centimetre, at any distance 
r from the centre of mass, can be represented by: 
p 2 2 
-
Ae-B r 
where B2 
- 1 .5/R~ 
A 
-
CY (3/27rR~) 3/ 2 
and RG, the radius of gyration, is related to 
following equation: 
R2 = ( constant) er 2x + 1 G 
where xis the order of 0.1. 
by the 
Substituting for R~ in the abov.e equations the 
following is arrived at: 
P ( 0 5 + 3x) -( constant);,( 2x + 1) r 2 
- ( constant x:,-=- • e 
(Tanford, 1961 a) 
The abov.-e equation indicates that the segment 
density decreases with increasing chain length. It 
also indicates that the segment density decreases as 
r increases. 
A high DP molecule must therefore occupy less of 
w 
the v,olume it pervades than a molecule of lower DPw. 
This essentially means tha t the cha in elements of a 
higher DPw molecule will be spread over a much greater 
volume than the equivalent number of chain segments of 
a molecule of lower DP , for example, a molecule of 
w 
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DP = 200 will occupy a greater volume than two molecules 
w 
of DPw = 100. A polymer of higher DPw will therefore 
interpenetrate with its neighbouring molecules to a much 
greater extent than a molecule of lower DPw. Because of 
this interpenetration the charges and the counterions 
will interact and prev.ent expansion. The smaller molec-
ule is free to expand because at this concentration 
there is no interaction to prevent expansion. Hence for 
increasing DP the lower the concentration required bef-
w 
ore interaction ceases and expansion can occur. 
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B. Effect of water on polyelectrolyte behaviour. 
The amount of water pcre.sent in the DCA has a marked 
effect on the polyelectrolyte behav;iour of the polymer. 
The amount of water present in the acid can be estimated 
from its V:iscosity, the flowtime being v.ery sensitive to 
water content. A calibration graph of wa ter content as 
determined by Karl Fischer titrations vs. flowtime is 
reproduced in Section III of Chapter II. 
Increasing amounts of water in the acid suppress 
then finally remove the polyelectrolyte effect. This 
effect is illustrated graphically in Fig. 3B where the 
acid contains 0.17%, 1.03% and 1.45% water. No poly-
electrolyte effect is obserwBd in acid containing 1.45% 
water. Harrap and Woods (1961), reported that a poly-
electrolyte effect observBd on solutions of bovine serum 
albumin in formic acid was suppressed on the addition of 
20% of water to the acido Schaefgen and Trivisonno, 
(1951), also reported that 15% of water in formic acid 
remoy,ed a polyelectrolyte effect observed on poly-E -
caproamide. The suppression of the polyelectrolyte 
effect by the addition of water to the acid is undoubt-
edly caused by the production of ions through ionisation 
of the acid as in the following equation: 
The stronger the acid the more the right hand side 
48 . 
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of the above equation will predominate. That is, for a 
given amount of water, DCA, ionisation constant 5 x 10-2 
(Handbook of Chemistry and Physics), will produce more 
-4 ions than formic acid, ionisation constant 1.8 x 10 
(Handbook of Chemistry and Physics). Thus less water 
will be required in DCA to suppress the polyelectrolyte 
effect than would be required in formic acid. Since the 
ionisation constant of TFA is 5 x 10- 1 (Rennie and Fox, 
1951) it follows that an even smaller amount than the 
1.45% of water required in DCA will suppress the polyel-
ectrolyte effect in TFA. TFA was substituted for DCA as 
solvent. 
With PCL a strong polyelectrolyte effect was observed, 
which was suppressed on the addition of 1~ KCl. No other 
polypeptide was observed to have a polyelectrolyte effect 
in TFA. The TFA was then refluxed for four hours over 
phosphorus pentoxide and PBG and PBA re-examined. No poly-
electrolyte effect was observed. It was pointed out above 
that only a small amount of water should need to be present 
in TFA in order to suppress the polyelectrolyte effect. 
It is quite possible, therefore, that the absence of a 
. 
polyelectrolyte effect for PBG and PBA is due to small 
amount of water in the TFA. No reasonable explanation can 
be put forward for the occurrence of a polyelectrolyte 
effect in PCL. 
C. Effect of added s alts on polyelectrolyte behaviour. 
The polyelectrolyte effects observed were reprod-
M 
ucible and could be eliminated by the addition of 10 KCl 
plus 1.0% water to the solvent. Acid containing less 
than 1.0% water resulted in a permanent polyelectrolyte 
effect irrespective of the concentration of KCl . The 
substitution of LiCl or CaC12 for KCl also resulted in 
a polyelectrolyte effect when the acid contained less 
than 2% water. Fig. 3C illustrates these results. It 
was thought that due to the low dielectric constant of 
DCA, about 8, the KCl could exist in solution only as 
ion pairs hence not producing the requisite amount of 
shielding necessary to remove the polyelectrolyte effect. 
The addition of small amounts of water may have raised 
the dielectric constant to a value which would not per-
mit appreciable ion pair formatio n to occur. The diel-
ectric constant of DCA conta i ning small amounts of water 
was obtained and the results are illustrated in Fig, 3D. 
(See footnote below) 
It can be seen from Fi g . 3D that 1% of water incr-
Footnote:- Dielectric constants were obta ined after the 
method of Smith (1955) using a General Radio capacitance 
bridge and a frequency of 100KHz. The value of D=10.23 
for the dielectric constant of EDC at 25°c was used as 
the ca librating datum (Janz et al, 1962). 
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eases the dielectric constant only slightly, over 2% of 
water being required to double the dielectric constant. 
It is therefore felt that the role of water in the solv-
ent is not to raise the dielectric constant and so allow 
ion formation, but to hydrate or partially hydra te the 
KCl as in the following equation: 
KCl + nH20 
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The hydrated ions then suppress the polyelectrolyte effect. 
As LiCl and CaC12 have larger hydration numbers than 
KCl it seems reasonable to assume that a greater perc-
entage of water will be required in the solvent before 
the two abovementioned salts are able to suppress the 
polyelectrolyte effect. Hence a polyelectrolyte effect 
would be expected for polypeptides in DCA containing 
~ LiCl + Oo9% water and ~ CaC12 + 1.17% water. DCA 
conta ining the same amount of water and ~ in KCl did 
not give rise to a polyelectrolyte effect. However, for 
M DCA containing 2.25% H20 and 10 in CaC12 , the polyel-
ectrolyte effect is suppressed. It was noted that the 
value obtained for the intrinsic viscosity was lower. 
The precise explanation for the lower intrinsic visc-
osity is not known but it is possibly due to one or 
both of the following: 
(a) DCA is a "good" solvent with strong solvent-solute 
interactions, the addition of M 10 CaC12 plus 2.25% wa ter 
weakens the solvent-solute interactions appreciably, 
resulting in contraction of the coil due to intramol-
ecular attraction. 
(b) The ionic strength is so high as to shield complet-
ely the charges on the polypeptide. Intramolecular 
attractions will then tend to contract the coil. 
The effect of water and various salts such as KCl, 
LiCl and CaC12 in DCA and TFA on the polyelectrolyte 
effect warrants further study. 
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D. Polyelectrolyte effect in mixed solvents. 
All sampies of PBG when examined in mixed solvents 
of DCA and EDC containing greater than 75% acid gave a 
polyelectrolyte effect. This is in agreement with the 
reported transition from a helical form to a r andom 
coil form at about 75% DCA (Doty and Yang, 1956). How-
ever, for PBG of DP ~ 155, a polyelectrolyte effect is 
w 
evident in solvent containing 20% DCA. Fig. 3E illustr-
ates this for sample A27, DP = 155. A similar polyel-
w 
ectrolyte effect obtained in 66~% DOA/ 33~ EDC f or 
the same sample is reproduced in Fig. 3F. Fi g . 3G. shows 
the effect observed for sample RK5B, DP = 98, in 20% 
w 
DCA / 80% EDC. The presence of a polyelectrolyte effect 
indicates that the molecules of polypeptides of low DP 
w 
are not entirely helical in shape and contain a random 
segment. As the molecular weight distributions of 
these samples are narrow (Lundberg .and Doty, 1957), it 
is most unlikely that the observed polyelectrolyte effect 
is due to the presence of very low DP mat eri al which is 
w 
non-helical i.e. molecules of DP <8 . The random segment 
w 
most probably results from unwinding of the helix from 
the terminals. As no polyelectrolyte effect is observ-
able in 20% DCA / 80% EDC for the higher DP samples of 
w 
PBG the amount of unwinding from the terminals could be 
independent of DP. 
w 
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E. Conclusion 
It can be concluded from the polyelectrolyte studies 
that polypeptides known to be in the random coil form in 
DOA show a polyelectrolyte effect while poly-L-alanine, 
thought to be helical in DCA shows no polyelectrolyte 
effect . Poly- L- leucine is insoluble in DOA. Hence in 
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DCA , the polypeptides PBG, PBA and PCL are partially or 
wholly charged . Furthermore, some protonation and term-
inal disorder in the polypeptide molecule occur in solvents 
containing small amounts of acid. This agrees with the 
conclusion reached by Klotz (1965) and Hanlon (1966). 
SECTION II: INTRINSIC VISCOSITIES IN I\iIXED SOLVENTS. 
In order to obtain additional information on the 
nature of the helix-coil transition in PBG, the intrinsic 
viscosities of fourteen samples of PBG of differing DP w 
ranging from 10 to 2060 have been measured in mixed solv-
ents of EDC and DCA. It was observed that aggregation 
occurs in 100% EDC solutions. Thus intrinsic viscosit-
ies for solvents containing no acid were measured in 100% 
DMF, a solvent in which it has been reported no aggreg-
ation occurs (Doty et al., 1956). The results are tab-
ulated in Table 3B and illustrated graphically in Figs . 
3H and 3I. Fig. 3J is of a typical set of reduced visc-
osity plots obtained on increasing the acid content of 
the solvent from 0-100%. 
Considering Fig. 3I, plots of log 1]against log DP w 
for various solvent compositions, it is f ound that above 
DP - 200 the plots are linear with the exception of 
w 
those in the solvent composition region about 75% DCA 
and the intrinsic viscosity of a molecule in the helical 
form, i.e. the intrinsic viscosity in DMF , is greater 
than the intrinsic viscosity of the corresponding random 
coil form. The plots below DP = 200 are found to be 
w 
non-linear. 
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Intrinsic viscosities in mixed solvents. 
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A. Intrinsic viscosities for DP >200 
w 
AboVve DPw = 200 the linearity of the plots implies 
that the Mark-Houwink equation[7l] = KLid.is applicable. 
The above relationship can be arr ived at theoretically, 
(Tanford, 1961 b). It is found theoretically that for 
random coils of sufficiently high DPw,a:. will have a 
value of between 0.5 and 0.8. For rod shaped molecules 
a can be calculated to have a value of about 1.8. Acc-
ordingly, values of~, the exponent in the above equat-
ion, have been calculated from the slopes of the log[~] 
vs log DP plots. The variation of CL with solvent comp-
w 
osition is illustrated in Fig. 3K. The value of~ ob-
tained in DJVIF was 1. 65. In DCA, a value of a = 0. 89 
was obtained. The value of <X - 1.65 obtained in DNIF 
indicates that in this solvent the molecule is essent-
ially rod shaped. The value of a.= 0.89 for the molec-
ule in DCA is indicative of a rather stiff random coil. 
The decrease in a'.to 1.4 at low acid concentrations 
implies that the molecule has gained some degree of 
flexibility. A somewhat similar value of a.= 1. 26 ha s 
been obtained by Daniels and Katchalski (1962) for PCL . 
in DMF, which was interpreted as being due to an incr-
ease in flexibility. It is most probable, therefore, 
that the decrease in a at low acid concentrations is 
1·7 
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caused by an increase in flexibility of the molecule. 
The abrupt decrease in a between 66.67% DCA and 83.33% 
DCA is, in agreement with other authors (Doty and Yang, 
1956), caused by the collapse of a helical structure to 
a random coil. The reason for the non-linearity of the 
plots in the latter transition region is not difficult 
to see . As the sharpness of the transition is depend-
ent on DP , transitions for short chains being broader 
w 
than those for long chains, it can be shown that at a 
particular acid concentration in the transition region 
a low DP molecule can be expected to have a smaller 
w 
percentage helix content, hence a lower viscosity, than 
a molecule of high DP (Zimm, Doty and Isa, 1959). Thus 
w 
plotting log[1]against log DPw for a solvent composit-
ion in the transition region will result in a curve 
whose slope increases with increasing DPw. 
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B. Intrinsic viscosities for DP <200 
w 
For samples of DP less than 200 the following is 
w 
evident. The plots are not linear in this region of the 
graph, i.e. below DP = 200 and below DP 230-280 the 
w w 
intrinsic viscosity of a random coil is greater than the 
intrinsic viscosity of the corresponding helix. In this 
low DP region slopes of the curves representing intrin-
w 
sic viscosities in solvents containing 66.67% DCA and 
50% DCA are smaller than the slope of the curve repres-
enting intrinsic viscosities in DCA. The 66.67% DCA 
curve intersects the DCA curve between DP 40 and DP 28, 
w w 
the 50% DCA curve between DP 18 and DP 13. The inter-
w w 
section of the curves is taken to imply that a t this 
point the molecule is no longer helical but random. No 
point of intersection was found for the curve represent-
ing intrinsic viscosities in 20% DCA / 80% EDC. It can 
therefore be concluded that as the acid component of the 
solvent is increased the amount of unwinding from the 
terminals increases. It can also be concluded that the 
amount of unwinding from the terminals, if independent 
of DP, is small enough to have little effect on the w 
properties of polypeptides of high DP. 
w 
The plots in Fig. 3I can be thought of as a graph-
ical illustration of the transition in terms of the 
58. 
intrinsic viscosity where the solvent composition is 
constant and the DP is varied. The maxima observed in 
w 
the plots representing intrinsic viscosities in solvents 
containing 66.67% DCA and 50% DCA can thus be said to 
occur in the transition region. Fig . 3H also illustrates 
the transition, but in this cas e DP is constant and the 
w 
solvent composition is varied. Maxima occur in the trans-
ition region for DP 's 10, 13, 28 , 295 and most probably 
w 
DP 18 . It is important to note that maxima and not minima 
w 
were observed in the transition region. The significance 
of this observation will be discussed fully in the follow-
ing chapter. 
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C. The Viscosity I~:odel 
It can be seen from Fig. 3H that the variation of 
intrinsic viscosity with solvent composition is chara ct-
erised by two transitions, one at high acid concentra t-
ions and one at low acid concentrations. The transition 
at high acid concentrations, in agreement with other 
authors (Doty and Yang, 1956), is undoubtedly caused by 
the collapse of a helical structure to a random coil. 
However, interpretation of the transition at low acid 
concentrations must take into account the following 
facts: 
(a) The drop in a , the exponent of the Mark-Houwink 
equation, for polypeptides of high DP in the transition 
w 
region. This has been interpreted as being due to an 
increase in flexibility of the helix. 
(b) The crossover at low DP in 66.67% TICA and 50;~ TICA. 
w 
(c) For high DP the viscosity decreases as the DCA 
w 
content of the solvent increases , while for low DP it 
w 
increases. 
(d) A polyelectrolyte effect is only observed in 20% 
DCA / 80% ETIC for samples of DP less than 160. 
w 
~ith consideration to the above factors the foll-
owing model will fit the viscosity data. 
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The addition of acid causes: 
(a ) Unwinding from the ends , the 81nount of unwinding 
being independent of chain length . The amount of un-
winding is undoubtedly dependent on the strength of the 
acid . 
( b) Interruptions in the centre of the helix giving 
rise to flexibility, the number of interruptions being 
proportional to the chain length. Since the amount of 
unwinding from the ends is small and independent of 
chain length the effect from it will predominate at low 
DP . Hence a polyelectrolyte effect will only be observ-
w 
ed for low DP. At high DP interruptions in the centre 
w w 
of the helix will be predominant and molecules of high 
DP will experience an increase in flexibility tha t will 
w 
result in a decrease in the intrinsic viscosity. 
Watanabe and Yoshika (1966) using electrical bire-
fringence measurements and working in the same system 
came to the conclusion that on the addition of small 
amounts of acid to EDC charged groups appeared at either 
end of the molecule. On the addition of small amounts 
of acid to EDC , the molecule becomes dumb-bell shaped 
with charged groups present in the "weights 11 of the dumb-
bell and the nba r 1 slightly flexible. The longer the 
"bar" is , i . e . the higher the DP , the more it will gov-
w 
61. 
ern the viscosity of the molecule as a whole . Conv-
ersly, the shorter the "bar" the less effect it will 
have on the viscosity. 
For low DP the intrinsic viscosity of a random 
w 
coil is greater than the intrinsic viscosity of the 
corresponding helix. Hence the viscosity of the prop-
osed model should be greater than the viscosity of the 
corresponding helix for low DP. Thus an increase in 
w 
viscosity would be expected for low DP across the 
w 
first transition. 
It is conceivable that if the above model is inc-
orrect and the unwinding is proportional to DPw ' the 
converse of the previous statement could also account 
for the decrease in intrinsic viscosity across the first 
transition for high DP. This is not acceptable as opt-
w 
ical rotatory data show no appreciable decrease in helix 
content for high DP in the concentration range under 
w 
discussion as would be required, (Karlson et al., 1960). 
Furthermore, an increase in flexibility at all DP 's, 
w 
a lthough accounting for the decrease in intrinsic visc-
osity at high DP , could not account for the increase in 
w 
intrinsic viscosity at low DP. 
w 
The proposed model is the only one which is comp-
atible with the available data . 
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SECTION III: NUCLEAR MAGNETIC RESONANCE SPECTRA. 
A. Model compounds 
The study of amides in strongly protic solvents 
and aqueous solutions of various pH's by NTuIR and infra-
red spectroscopy, conductance measurements and pycnom-
etry (Berger et al., 1959; Becker and Davidson, 1963; 
Hanlon et al., 1963; Klotz et al ., 1964; Herbison-Evans 
and Richards, 1962) has left no doubt that in strongly 
protic solvents or aqueous solutions of low pH the amide 
group is protonated. The two possible sites for proton-
ation are available, the oxygen (structure I) and the 
nitrogen (structure II). 
~. OH 
R - C .,,, + 
I 
"··NR 
2 
~o 
R - C + 
'NHR 2 
II 
Berger et al. (1959) and Herbison-Evans and Richards 
(1962) have shovm that protonation is predominantly on 
the oxygen. This was confirmed by the findings of Klotz 
(1964). As these studies were related to the position 
of protonation on an amide, no data on the relative shifts 
from the unprotonated to the protonated state of protons 
in the substituent R groups are available . In order to 
determine the magnitude of this shift the spectra of 
several simple amines and amides in CDc13 , DCA and TFA 
have been examined. The results are t abulated in Table 
3c and some of the spectra are reproduced in Fig. 3L. 
Tau values of the peaks of interest relative to Trv'.IS in 
CDc13 and the chemical shifts observed in changing the 
solvent from CDC13 to DCA or TFA are indicated~ Chem-
ical shifts are accurate to+ 1 c/s. 
As the shifts of the proton on the carbon adjacent 
to the nitrogen is of prime interest, the following dis-
cussion will be limited mainly to this shift. For prim-
ary amines the proton on this carbon shifts downfield 
33 + 1 c/s in DCA and 30 + 1 c/s in TFA. For seconda ry, 
amines fue shift is slightly larger being 38 + 1 c/s in 
DCA and 33.5 + 1 c/s in TFA. The difference in shifts 
for DCA and TFA appears to be real, but no reason can be 
given for the lower shift observed in the stronger a cid 
TFA. There seems to be no similar correlation between 
the magnitude of the shift and the number of the subst-
ituents on the nitrogen for the amides investiga ted. 
However, examination of the results reveals that the 
nature of the substituent groups, particularly the one 
on the carbonyl carbon have a pronounced effect on the 
magnitude of the shift. This is seen most clearly from· 
the magnitude of the shifts of the a proton in N isopr-
opyl benzamide. In this amide, no shift wa s observed i n 
DCA . A shift of 15 c/s was observed in TFA , but only in 
64. 
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TABLE 3C 
Chemical shifts of model compounds. 
• Downfield · 7 cnc13 Compound Proton shift obs-erved in: 
DCA TFA 
phenyl ethyl amine CH2 (q) 6.93 38 33.5 
CH3 (t) 8.84 15 15 
n-hexylamine CH2-N (t) 7.31 34 31.5 
terminal CH3 (t) 9. 10 1 1 
n-propylamine CH2-N (t) 7.37 33 29 
terminal CH3 (t) 9. 10 8 7 
N methyl formamide CH3-N ( d) 1.20 12 20 
N methyl acetamide* CH3-co (s) 8.02 20 31.5 
CH3-N ( d) 1.23 14 24 
NN dimethyl CH3-N (s) 1.03 13 20 form.amide 
CH3-N (s) 7. 13 16 18.5 
NN dimethyl CH3-N (s) 6.98 1 1 19 acetamide* 
CH3-N (s) 1.01 16.5 25 
CH3-co (s) 7.93 18 30 
n-propylamide CH2-co (t) 7.20 22 18 
• 
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TABLE 3C (cont.) 
J 
· ])ownfield · 
Compound Proton 7 cnc1 3 
shift obs-
erved in: 
TICA TFA 
diethyl acetamino CH-N ( d) 4.75 13.5 19 
malonate 
CH3-co (s) 1.93 12.5 17 
CH3(ester) (t) 8.70 4 6.5 
CH2(ester) (q) 5.73 7.5 12.5 
isopropyl benzamide CH-N (m) 5.72 Nil 15 
** 
CH3 (d) 8.75 6 13.5 
carbobenzoxy-L- CH (m) 5.67 12 13 
alanine 
C6H6 (s) 2.70 4.5 2.5 
CH2-0 (s) 4.92 9 9.5 
CH3 ( d) 8.61 10 10 
(q) - quartet; (t) - triplet; (d) - doublet; (s) - singlet; 
(m) - multiplet. 
** 
* Similar chemical shifts have been obtained 
by Stewart et al ., (1967). 
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concentrated sulphuric acid was the shift of a magnit-
ude comparable with those found for N methyl formamide 
and N methyl acetamide. Similar results were found for 
carbobenzoxy-L-alanine where shifts of 12 c/s and 13 c/s 
in DOA and TFA respectively were observed. The lability 
of the carbobenzoxy group precluded the examination of 
the above amino acid in concentrated sulphuric acid. It 
seems certain, therefore, that the basicity of the amide 
group is influenced to a great extent by the nature of 
the substituent groups. 
A further estimation of the magnitude of the shift 
produced on charging of the nitrogens was obtained from 
an examination of L-lysine in D20 for various values of 
pD between 6.5 and 12.5. The results are illustrated 
graphically in Fig. 3M. It is seen that the protons adj-
acent to the two nitrogen groups ( a and E) experience 
a downfield shift of 25 ± 2 c/s and 22 ± 1 c/s respect-
ively. The 1 proton which is situated equidistant from 
both nitrogens experiences a downfield shift of 6 + 1 c/s 
when both nitrogens are charged. Thus the effect of 
charging the nitrogen is transmitted down the chaino 
Thus protonation of an amide group will produce a down-
field shift of approximately 20 c/s in the resonance 
position of the proton on the carbon adjacent to the 
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nitrogen. The effect is transmitted down the chain, the 
/3carbon protons experiencing a shift of 10 c/s, the Y 
5 c/s, the G 2 c/s and E 1 c/s. 
Since in a polypeptide the a CH is adjacent to two 
amide nitrogens, full charging of the amide nitrogens 
should produce a downfield shift in the O(proton of 40 c/s. 
--
B. Small peptides. 
The NMR spectra of five small peptides, FS1 to FS5, 
ranging from a dimer to a hexamer were examined in CDC13 
and TFA. The hexamer when dissolved in CDC13 gave a 
highly viscous solution, even at low concentrations, 
which completely suppressed all resonance peaks in the 
NMR spectrum. The highly viscous nature undoubtedly res-
ulted from very extensive aggregation of the molecules. 
To overcome this problem of aggregation the hexamer was 
examined in deuterated dimethyl sulphoxide (DMSo), a 
solvent which is non-protonating but has a dielectric 
constant of 45. Examination of spectra was further com-
plicated by the presence of a peak due to the CH2protons 
of the ethyl ester in the region of the~ CH proton peak, 
which in many cases obscured the peaks due to the ex CH 
protons. Thus the magnitude of the shift of the ~ CH 
could only be given a minimum value. It should be 
pointed out that the resonance peak of the CH proton 
present in the valine sidechain resonates at sufficient-
ly high field ('T= 7) so as not to interfere with the 
resonances of the ex -CH protons. 
Spectra are reproduced in Fig. 3N. Table 3D tabul-
ates the Tau values of the various o<. CH protons and the 
magnitude of the shifts observed in TFA. 
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Great difficulty was experienced not only in det-
ermining the shifts of the D(CH protons, but due to the 
complex nature of the peaks in assigning values to each 
individual CX CH proton also. In many cases, e.ssignments 
could be made only to the low field and high field reson-
ance positions. The effect that the aromatic end groups 
have on the magnitude of the shift is quite evident from 
the small shifts obtained for the dimers. The end ef=ect 
diminishes as the size of the peptide increases. A shift 
of -{:19 c/s could be assigned to the high field proton of 
FS4 and a shift of 4::- 24 c/s to the high field proton of 
FS5 . The high field o< CH protons are undoubtedly the 
centrally situated ones. 
It is evident that charging of the amide nitrogens 
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in polypeptides of sufficient length will produce a dovm-
field shift of a reasonable magnitude in the resonance 
positions of the CXCH protons. The shift observed in the 
hexamer ( ~ 24 c/s) cannot be due to intrs.molecular hydrogen 
bond disruption as occurs in helix-coil transitions as the 
hexamer is too small to form a helix in CDc13 or DMSo, 
(Goodman et al. , 1963). 
. 
Further evidence that disruption of hydrogen bonding 
cannot produce a large downfield shift is shown by the 
following. 
Many studies of hydrogen bonding by NMR techniques 
have been reported in the literature. In very few cases 
have chemical shifts of protons other than the proton 
involved in the hydrogen bond been quoted. It has been 
shown (Pimental and McClellan, 1960) that although a 
downfield shift of considerable magnitude was observed 
in the hydroxyl proton of ethanol on formation of hydrog-
en bonded dimers, no shift was observed for the CH3 and 
CH2 protons. In a study of keto-enol tautomerism, the 
methyl protons of a.cetyl acetone were observed to shift 
12 c/s downfield on formation of the enol form I from 
the keto form II by intramolecular hydrogen bonding. 
CH2 
c / 
II 
0 
II 
CH3 / 
C 
II 
0 
CH-~ CH3 / ~ / 
C C 
II I 
0 0 
........ / .. , 
'/ 
H 
I 
Dudek and Holm (1961) investigated compounds of 
the type 
CH3 
C =0/ 
CH / '',,,,,,, H 
/ 
H CH 
/ N-C 
/ CH2 - CH2 
which were found to be hydrogen bonded in some solvents 
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and non-hydrogen bonded in others. Only slight dovvn-
field shifts were observed on hydrogen bonding for the 
methyl protons(~ 5 c/s) and the protons of the ethylene 
bridge ( 'V 2 c/s). Stewart et al., ( 1967), examined 
spectra of poly-DL-alanine and poly-L-alanine in mixed 
solvents of CDC13 and TFA. They observed a downfield 
shift of the o CH protons for both the DL and the L 
forms in TFA. 
The shift of the L form was greater than that of 
the DL form by about 12 c/s although~ CH protons of both 
forms resonated at the same position in TFA, As poly-L-
alanine is helical in CDC13 and a random coil in TFA, the 
shift observed in the~ CH proton resonance must corresp-
ond to a helix coil transition. It is unlikely that 
poly-DL-alanine is helical in CDC13 (Downie et al., 1957; 
Gratzer and Doty, 1963; Bryan and Nielsen , 1960; Elliot, 
1963). Hence the shift observed must be due merely to 
protonation of the amide linkages. The difference in 
shifts (12 c/s) must correspond to the shift caused by 
hydrogen bond disruption. The stronger the hydrogen bond, 
the larger would be the downfield shift on disruption. 
As PBG forms an<X -helix· which is less stable than poly-
L-alanine (Fasman, 1962) it is likely that the hydrogen 
bonds in PBG are weaker than in poly-L-alanine. Thus 
the chemical shift of the~ CH proton due to hydrogen 
'• 
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bond disruption alone in PBG would be small and cert-
ainly no larger than 12 c/s. 
It can thus be said that the chemical shift of the 
a CH proton in PBG across the helix-coil transition is 
due mainly to charging of the amide nitrogens. 
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C. Spectra of polypeptides. 
In recent years several investigations of the helix 
coil transitions of high DP polypeptides by N1VIR tech-
w 
niques have been reported (Goodman and Masuda, 1964; 
Stewart et al., 1967; Markley et al ., 1967). 
Stewart et al. and Markley et al. observed that on 
formation of the helix from the random coil the reson-
ance peak of the CH protons shifted upfield. The mag-
nitude of the shift depended on the particular polypep-
tide, being 35c/s for PBG, 25c/s for poly-L-alanine, 
25c/s for poly-L-methionine and 13c/s for PBA. It 
should be pointed out that in this work the cause of the 
shift of the acH protons has been interpreted in terms 
of charging of the amide nitrogens for reasons given in 
the preceding section. Stewart et al. interpreted the 
shift of the acH in terms of solvent-solute interaction. 
Markley et al. interpreted the shift in the following 
way. 
In a right handed helix such as occurs in PBG 
(Karlson et al ., 1960), the proton on the a, carbon is 
almost perpendicular to the plane of the peptide linkage 
preceding it, i.e. on the amino terminal side, and almost 
in the plane of the peptide linkage following it. (See 
Fig. 31) 
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Fig 3N' 
The field generated by the conjugated TI electron 
system in the amide system preceding the CX CH will be in 
such a position so as to shift the resonance of the 0( CH 
upfield. The field due to the conjugated TT electron 
system in the amide system following the~ CH will be in 
such a position as to shift the resonance downfield, 
(Ernsley et al., 1965). Since the shift on helix formation 
is upfield, the predominant influence seems to be from the 
peptide linkage preceding the CX CH. 
It is difficult to see why one peptide linkage should 
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have a much stronger influence on the shift than the other. 
For a left-handed helix, such as exists in PBA (Karlson et 
al., 1960), the position of the O(CH is reversed. Here 
the O<CH proton lies almost in the plane of the preceding 
amide system and almost at right angles to the plane of 
the system following it. If Markley's interpretation is 
correct, then on helix formation the ()(CH proton resonance 
should shift downfield. However , on helix formation, the 
CX CH proton resone.nce of PBA shifts upfield, a fact which 
cannot be explained by the interpretation of Markley et 
al. but is easily explained on the interpretation proposed 
in this work. 
The above authors were unable to obtain a suectrum 
.. 
of the polypeptides in pure CDc13 • The inability to 
obtain a spectrum in pure CDC13 was interpreted as being 
due to the extreme rigidity of the helix and extensive 
aggregation of the molecules. A similar observation was 
made in this work. No spectrum was observed in CDC13 for 
polypeptides of high DP. However, for PBG of DP less 
w w 
than 53 a spectrum was easily obtained in CDC13• Spectra 
obtained and chemical shifts of the <XCH protons in mixed 
solvents of CHc13 and DCA are reproduced in Fig. 30 and 
tabulated in Table 3E. Spectra for PBG of DP =26 were 
w 
obtained at several concentrations, namely 5%, 10% and 
20% w/v. 
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The chemical shifts of the various protons were found 
to be independent of concentration. Due to the presenc.e 
of a c13 resonance peak from the solvent in the O'.'.tCH 
proton resonance region, areas under the acH peak could 
not be determined accurately. 
If the conversion of a segment from the helical form 
to the random coil form and vice versa is very slow, then 
two acH proton resonance peaks will appear in the spectrum, 
the low field peak representing the segment in the random 
coil form and the high field peak representing the segment 
in the helical form. When the interconversion is rapid 
. 
enough the NMR spectrum will show only one peak whose chem-
ical shift will be a weighted average of the chemical 
shifts of the random and helical forms. A similar phenom-
enon is observed in the N1{ffi spectra of cyclohexane where 
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0 
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0 
9.09 
20.0 
33.33 
44.44 
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55.56 
66.67 
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100.0 
TABLE 3E. 
Chemical shift of <X CH protons in 
mixed solvents of CDC13 and DCA. 
DP =10 DP =13 DP =26 DP =40 
w w VI w 
cs w cs ,y ,· cs ·, I cs w 
238.3 29 237.8 31 238.3 31 237.6 34 
268.6 17 
238 .6 22 241. 4 19 239. 1 20 
239.3 24 
?72.6 12 269 .1 * 241.5 24 242.9 19 
243.6 20 239.7 17 
271.7 12 270.9 19 270.9 ?2 
244.8 20 
249.4 20 243.4 22 245.5 26 
272.6 22 273.4 17 281 • 1 20 
-258. 9 34 
254.6 15 257.7 24 257. 1 31 
276 .3 17 277.0 24 277 02 19 
275.1 12 
257.7 * 248.6 24 25203 26 
279.4 22 276.3 15 281.1 15 276.7 20 
275. 1 17 276.3 15 278.4 15 278.4 17 
280.3 22 278.6 17 278.6 22 277.5 20 
- - 279.4 19 280.6 20 281.1 20 
281.1 20 281.1 19 281.1 17 281.5 20 
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DP =53 I w 
cs ·~, .. 
** 
239.7 17 
24102 17 
242.7 20 
25705 34 
255.4 41 
274.6 36 
277.2 22 
284.6 22 
-
280.0 17 
281.1 22 
CS - chemical shift in c/s from TMS; W = line width in c/s 
* - could not be measured;**= no spectrum obtained m CDc1 3 
Chemical shifts accurate to+ 3c/s 
the chemical shifts of the equatorial and axial hydrogens 
are not equal. However, at room temperature, exchange 
between equatorial and axial positions is rapid and only 
one peak is seen in the NI\IR spectrum. On lowering the 
temperature , exchange is slowed down sufficiently so that 
two peaks occur, one representing the axial hydrogen, the 
other the equatorial hydrogen. The chemical shift of the 
single peak observed at room temperature is a weighted 
average of the chemical shifts of the equatorial and axial 
hydrogens. 
Markley et al. observed only one absorption for each 
ctCH proton , i . e. the acH protons experienced an average 
environment. This was interpreted as indicative of rapid 
interconversion between helical and non-helical regions 
of the polypeptide. In this work two resonance peaks 
were observed for the C(,CH protons. This is most clearly 
seen in spectra of PBG of DP 10 and 13. The two peaks 
w 
cannot be due to splitting as the areas under the two 
peaks are not always equiV-alent. The area under the low 
field peak grows at the expense of the area under the 
high field peak with increasing acid content of the solv-
. 
ent (Fig. 3P). The chemical shift of the low field peak 
is very nearly the same as the chemical shift of the a:. CH 
is 100% DOA. The difference in shifts (about 10c/s) is 
probably due to the fact that the nitrogen is not fully 
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charged in solvents containing a small amount of DCA. 
The small dovmfield shift could also be a solvent effect. 
However, it should be pointed out that a slight solvent 
shift (4c/s) was observed for the phenyl peak. The low 
field peak, therefore, undoubtedly corresponds to residues 
which are adjacent to an almost fully charged nitrogen 
and are in the random form. Fig. 3Q shows theCX- CH proton 
resonances for PBG of DP 10, 13, 26 and 40 in 33.33% DCA/ w 
66.67% EDC. It is seen that the area under the low field 
peak relative to that of the high field peak decreases 
with increasing DP. 
w 
There is an a priori reason (viscosity results) for 
assuming that the random residues result from terminal dis-
order. It was inferred from the viscosity results that as 
the acid component of the solvent increased, terminal dis-
order increased, the terminal disorder for a given solvent 
composition being independent of DP. Hence as the acid 
w 
component of the solvent is increased, the low field peak 
is shown to grow in area at the expense of the high 
field peak. Also, at a given solvent composition, the 
area of the low field peak relative·to that of the high 
field peak should decrease with increasing DP . TheCX. CH 
w 
proton resonance which corresponds to residues in the 
helical form, i.e. the high field peak gradually shifts 
downfield on increasing the acid component of the solvent 
Fig 3Q 
Area under aCH peak variation '#ith DP 
Solvent composition 33 ·33% OCA 
,s 
Solvent C peak 
j 
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OP= 13 
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until the second transition region is reached. It then 
rapidly approaches the doy1,nfield position corresponding 
to an O(,CH proton adjacent to a charged nitrogen. Since 
only one peak is observed for the helical acH protons, 
the protons must be experiencing an average environment. 
It can thus be said that as the acid component of the 
solvent is increased, the charge density on the helical 
section increases. It is also found that for PBG of DP 
w 
10, 13, 26, the stabilities of the helix increase with 
increasing DP. w The stabilities of the helices of DP =40 w 
lower 
and DP =53 are more stable. w The reason for the anomalous 
NMR results is explained below. 
Two peaks were not observed in the spectra of PBG 
with a DP of 53. It was found that for lower DP the w w 
peak widths of both the high field and the low field 
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ex,cH proton resonances did not change within experim-
ental error during the course of the transition (Fig. 3R). 
However, for DP =40 and DP =53 a maximum in peak width w w 
was present in the transition region. It is thought that 
the two peaks hav.e broadened due to molecular size (Stubbs, 
G., personal communication) and are sufficiently close to 
give the impression of one peak. Thus for these DP 's 
w ' 
the peak position measured represents a weighted average 
of the chemical shifts of the charged and partially 
charged species and will appear at a lower field than the 
. 1 
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partially charged species, hence the apparent lower 
stabilities of the helices of DP =40 and DP =53. This 
w w 
is possibly the reason for the maxima observed in line 
width in the transition region by Markley et al. 
It is evident that rapid interconv.ersion between 
purely helical and purely non-helical regions of the 
polypeptide does not occur. However, since only two 
peaks are observed, interchange of charges within the 
separate species must be rapid. The rapid interchange 
of protons within the helix may take place, not aJ_ong 
the chain, but ~ia the n th ,(n+3) th , (n+6) th , etc. amide 
linkages. Since this movement of protons along the 
helix necessitates the breaking and reforming of hydrogen 
bonds, an increase in flexibility of the helix will occur. 
As the acid component of the solvent is increased the 
charge density and the flexibility of the helix will inc-
rease. 
The total shift of the a CH proton resonance was 
found to be 43+6c/s and independent of DPw. Mar kley et 
al. obtained a value of 35c/s. 
Markley et al . have also investigated the helix-
coil transition in poly-L-glutamic acid. Although the 
transition could not be followed to completion due to 
precipitation of the polypeptide at low pD, a dovmfield 
8 1. 
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shift of 8c/s was observed for the tXCH proton reson-
ance on helix disruption. A similar study was conducted 
on poly-L-lysine (Fig. 3s). It was found that although 
the transition could not be followed to completion due to 
precipitation at high pD, a downfield shift of 13c/s of 
the a CH proton resonance was evident on helix disrup-
tion. It is thought that in the case of the two above 
polypeptides, electrostatic repulsion between charges on 
the side chains induced by changing the pD of the system 
causes the helix coil transition (Doty et al., 1957; 
Applequist and Doty, 1962). It was shown from the spectra 
of model compounds that the shift of a proton on a carbon 
three atoms away from a charged nitrogen could be expect-
ed to shift downfield approximately 5c/s. Thus the shift 
of the CXCH proton resonance of poly-L-lysine and poly-L-
glutamic acid cannot be attributed to the presence of the 
charge on the side chain. The downfield shift could be 
due to hydrogen bond disruption, but as it was pointed 
out in the previous section, such a shift would most 
probably be of the order of 10c/s. As the transition was 
not followed to completion an even smaller shift than 
10c/s would be inv.olved. The exact cause of the shift is 
unknown and warrants further investigation. 
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D. The NMR model 
The model suggested by the NMR results is similar to 
the one proposed from the viscosity data. 
As the acid component of the solvent is increased, the 
number of charged nitrogens within the helical structure 
increases. Due to rapid proton transfer via the n th , (n+3) th , 
(n+6) th , etc., amide linkage, the structure experiences a 
charge density rather than a number of singly charged 
nitrogens. Due to the co-operative nature of the hydrogen 
bonds, the terminal residues of the helical structure 
are the least stable and are randomised initially , purely 
by electrostatic repulsion, giving rise to terminal 
disorder. The amount of terminal disorder depends only on 
the charge density and is independent of DP. Once the 
w 
residue is in the random coil form it becomes almost fully 
charged. However, because of the finite probability of 
the terminal residues reforming a helical section, the 
central helical part of the polypeptide is stable. The 
rapid proton transfer within the helical section gives 
rise to flexibility. As the acid content of the solvent 
is increased, the charge density on the helix increases . 
and more terminal residues become disordered. The flex-
ibility of the remaining helical section increases. It 
can be expected that initially the charge density will 
increase rapidly but then more slowly as the charge dens-
ity becomes larger (Wall and de Butts, 1949). Thus there 
will be an initial rapid increase in flexibility of the 
helix followed by a slower increase. This is precisely 
the behav.iour observed in viscosity studies. 
In conclusion, the N1V[R data supports the model prop-
osed for the viscosity data and shows that electrostatic 
repulsion is a main contributor to the disruption of the 
ex, helix . 
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CHAPTER IV: DISCUSSION 
SECTION I: THEORY OF HELIX-COIL TRANSITIONS 
SECTION II: THE FINAL MODEL 
SECTION I: THEORY OF HELIX-COIL TRANSITIONS 
Zimm and Bragg (1958, 1959, 1962) used a physical 
criterion in establishing a theory for the helix-coil 
transition in polypeptides. It was assumed that the 
helical form was the ct-helix of Pauling and Corey, 
(1952). In an Gt-helix the oxygen of an amino acid res-
idue is hydrogen bonded with the nitrogen atom of the 
fourth residue along the chain. Hence an a-helix hyd-
rogen bond cannot form for n~3, where n is the number 
of amino acid residues, although in practice n has been 
found to be of the order of ten for1-methyl-L-glutamate 
before a stable helix is formed (Goodman et al., 1963.).. 
Each hydrogen bonded oxygen atom is designated by 
the letter a . Each unbonded oxygen atom is designated 
by a letter b . Thus the state of any particular chain 
can be represented by a sequence of letters such as: 
bbbaaaaaaaa ••.•• • • 
This immediately provides the possibility of summing over 
all possible combinations and calculating the probability 
of any one particular combination, for example all a's 
occur ring . However , as some sequences are more likely 
to occur than others, statistical weights have to be 
added to the various combinations which may arise in the 
chain . 
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(1) For every b that occurs in the above sequence, 1 is 
written. The choice of 1 is only arbitrary and any other 
nurnber coul d have been chosen. 
(2) For ewery a that follows an a, that is, for e~ery 
residue added to the helical section, sis written. s 
contains an entropy factor due to the restriction of 
freedom of movement that has occurred and also a Boltz-
mann factor since a hydrogen bond has formed. The stat-
istical parameters is essentially the equilibrium cons-
tant for the addition of an amino acid residue to a 
section of helix, the residue being initially at the end 
of a random section of the chain and adjacent to the 
helical section . This may be illustra ted by the follow-
ing equation: 
hhhh - a rrrr -'::I. bhhha. - rrrr r ~ n 
where h represents a residue in the helical form, 
Then 
r represents a residue in the random form, 
ar represents the residue under discussion in the 
random form, and 
8n represents it in the helical form. 
s _ hhhh8n_ - rrrr 
hhhh - arrrrr 
For large v.alues of s the residue a is predominantly in 
the helical form. For small values of s, a is predomin-
antly in the random form. Thuss will be a measure of 
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the probability, that is, a statistical weight, of the 
left hand side of the equation occurring. 
(3) For every a that follows three or more b's, cr-s is 
written. Since a turn of the a-helix cannot form for 
n~ 3, this amounts to saying that the bonded oxygen at 
the boundary of a helical section and a random section is 
denoted by <Ts. As the freedom of the segments between 
the bonding oxygen and the nitrogen of the fourth residue 
along the chain as well as the freedom of the bonding 
segment itself have been restricted , the probability of 
this particular sequence occurring will be low. Since 
the Boltzmann factor involv.ed will be the same , 0-s is 
written where 6""<<1. er is often referred to a s the co-
operativeness factor. 
(4) For every a that follows less than three b's, the 
quantity O is written . Thus a sequence such as fol lows 
will be obtained: 
1 1 1 0- S S S S S C>S 1 1 1 
It should be remembered that the quantities O-s, s , 1 
and Oare statistical weights. 
Using matrix mathematics and summing over all the 
possible conformations, a statistical parameter, e, 
can be arrived at . e is the probability distribution 
function of the possible hydrogen bonds that can be 
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formed and its value must lie between O and 1. Zimm and 
Bragg obtained for l arge values of n the following: 
dlnA 
e - dlns 
s . dA 
~ ds 
where A is the larger value of the expression, 
( 1 ) 
A = ~{1+s+ [(1+s) 2 + 4<rs]~ (2) 
and e is the fraction of possible hydrogen bonds that 
are actually formed . 
It is found thats has a critical value of unity, in 
the neighbourhood of which the transition occurs. :B'or 
s <1, e~o , and for s >1,e~ 1. In order to cause a 
helix-coil transition to occur, s must be reduced to the 
critical va lue of one. The sharpness of the transition 
depends on the size of the parameter er. For decreasing 
values of a-, the sharpness of the transition increases. 
For <J=O, the transition is infinitely sharp, that is, 
it t akes place according to the two state theory of 
Schellman (1955, 1958). At s=1 and cr-jo, e is found to 
have the value of 0.5, that is, only half the possible 
hydrogen bonds have formed. 
The equation fore obtained by Zimm and Bragg for 
short chains is slightly different and is given below: 
e = n-4) s-1) - 2 + ( n-4) ( s-1 +2s] s 1-n ( 3) 
(n-4) (s-1) { 1 + (s-1 ) 2 - [(n-4) (s-1) + s] s 1-n 
<fsn 
e was calculated from the abo·we equation for various 
values of n , s, and <r with the aid of an I BM 360 comp-
uter. It was found that at the critical value of s=1, 
(o-fo), e does not equal 0.5 as expected. At the crit-
ical value of s=1, 0 equals minus infinity! Hence the 
above equation does not hold in the vicinity of the 
transition. ]'or s,i1 the variation of e with s and u 
is similar to that obtained for long chains . That is to 
say, the sharpness of the transition depends on the value 
of <Y" and for s.c:::1, e- O ands >1, e~ 1. It was also obs-
erved that as n increased , 0 approached minus infinity 
more rapidly. That is, the equation held to lower values 
of s. 
From the matrix equations used in calculating the 
above two relationships , the probability that any one 
segment is unbonded can be found . The probability that 
the i th segment is unbonded, P.(0), is given by: 
l 
P.(0) = s -( n-i+1) 
l 
where n is sufficiently large ( > 20). That is, the 
probability that the end segment is unbonded is s- 1 , the 
- 2 second segments , and so on. 
Thus for a given value of s, the probability of the 
terminal residues being disordered is independent of DP . 
w 
Howev er , ass decreases , the probability of more terminal 
disorder increa ses. Since the parameters contains a 
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Boltzmann factor it can be expected thats will reflect 
any chang e in the state of the charge density of the 
helix. Since a charge density favours the random coil 
form of the residue, increasing charge densities will re-
sult in decreasing values of sand hence increasing term-
inal disorder. This is confirmed experimentally in this 
work. Increasing charge density on the · helix results in 
increasing terminal disorder , the terminal disorder for 
a given charge density being independent of DPw . 
It is found from the matrix equations of Zi1run and 
Bragg that there is a critical value of n at which sub-
stantial helix formation appears for any g iven value of 
s (greater than unity). The value is approximately that 
at which the following relationship is satisfied. 
o- - ( s -1) 2 
n 
s 
It has been found experimentally by Goodman et al., 
(4) 
( 1963) that for poly-1/ - methyl-L-glu tama te in DlVIF helic-
ity first appears for n=9. In this work it was observed 
that in a solvent composed of 50% DCA/ 50% EDC helicity 
f irst appeared for some value of n between 13 and 18. 
In sol vent containing 66. 67% DC1\./ 33. 33% EDC helici ty 
first appeared for some value of n between 28 and 40. 
Ifs could be calculated for the various values of n giv-
en above, an estimate of <r, the co-operativeness para -
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meter could be reached using the above relationship. An 
estimate of s for the various values of n may be obtained 
in the following way. 
Since the probability of any one residue being un-
bonded is known , the probability that i terminal residues 
are unbonded, P 1~i(O), can be found. 
p1~i(O) = \ri Pi(O) 
i==1 
r=i 1 TT 
-- r=1 sr 
r=i 
~ r 
-
s r=1 
i(i+1) 
- s 2 (5) 
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Considering that each residue may assuBe one of two 
possible forms (helical or random), for a chain of n res-
idues the total number of conformations that can be ass-
umed is 2n . Only one of these corresponds to all residues 
in the random form. However, since the a-helix cannot 
form when three or less adjacent residues are in the hel-
ical form, sequences in which there are three e.djacent 
helical residues, two adjacent residues or one helical 
residue present must be included in the number of -iNays 
in which a helical structure is absent . The number of 
ways are n-2, n-1 and n respectively. 
Thus for small chains, the probability that all are 
unbonded, P 1~n(O), can be estimated mathematically from 
simple probability theory and is given by the following: 
p (0) = 3n-2 (6) 1~n 2n 
However, the probability that all residues are un-
bonded can a lso be obta ined from the probability that i 
terminal residues are unbonded, P 1~i(0), where i=n. 
Since 
Therefore 
P 1 (0) ~n 
i(i+1) 
s 2 
n(n+1,2 
s 2 
3n-2 
2n ( from ( 6) ) 
Since n is known, a Vctlue for s may be calculated. Sub-
stitution of the corresponding values of sand n into 
equation (4) enables calculation of the parameter <:Jo 
Table 4A lists values of n at which helicity has first 
been observed to app ear , the relevant solvent, the value 
of s calculated, the value of O-calculated and the value 
of e calculated from equation (3) using the appropriate 
values of s, o- and n. 
TABLE 4A . 
n Solvent s () e 
9 DMF 1.070 2.64x10-3 -0. 268 
13 50% DCA/ 50% EDC 1.064 2.27x1o-3 -0. 190 
18 50% DCA/ 50% EDC 1.510 1.06x1o-3 -0.111 
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TABLE 4A (cont .) 
n Solvent s e 
28 66.67% DCA/ 33 .33% EDC 1.038 5.1 3x1o- 4 +0 .011 
40 66 .67% DCA/ 33.33% EDC 1.028 2 .65x10- 4 +0 . 093 
It has been shown above that equation (3) is not 
satisfactory for values of s close to unity . Nevertheless, 
as n increased the equation held for lower values of s. 
This is probabl y the reason for the absurd values of e 
obtained (negative values) for n equal to 9, 13 and 18. 
For n=30 and 0-=1 x1o- 4 equation (3) was found to be sat-
isfactory down to a value of s=1 . 015 . Thus the values of 
uobtained for n=28 and n=40 are most probably real 
estimates of er-. However , it should be pointed out that 
for B=0.01, s would be expected to have a value of about 
0 . 9 . The value calculated for <Tis similar to the value 
of 2x1o-4 obtained from other sources (Zimm et al ., 1959; 
Ptitsyn and Skvortsov, 1965). The number of breaks in 
the helix, that is the flexibility , can be celculated 
from the matrix equations of Zimm and Bragg , and is given 
by the following: 
Y =<f[ 2 n ] 
ls (s-1 )J 
The number of breaks in the helix (1 -1) is seen to 
be proportional ton. That is, as n increases, the 
number of breaks in the helix, hence the flexibility, 
increases. Also, ass decreases, n being constant, the 
number of breaks increase. Ass is decreased, tha t is, 
as the acid component of the solvent is increased, the 
flexibility increases. The latter fact was inferred 
from the viscosity studies. It can be concluded that 
except in the region of s close to unity the experim-
ental data agree with the theory. 
Since the equation fore for small values of n 
(equation (3) ) has been shown to be incorrect for values 
of s close to unity, no information concerning the state 
of the polypeptide chain in this region of s=1 could be 
obtained. 
In the above theory, the ?tates of the monomer units 
were classified in terms of the presence or absence of a 
hydrogen bond. However, in many cases, for example in 
the calculation of chain dimensions, it is the geometric 
structure of the macromolecule which is of interest. 
Lifson and Roig (1961) developed a theory using a g eo-
metrical approach, the derivation of which wa s simila r 
to that used by Zimm and Bragg. Not surprisingly, the 
characteristic equations of the two theories are identi-
cal. The theory of polypeptide molecule dimensions 
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(mean- square end- toend distance and mean-square radius of 
gyration) has been developed for two models by Nagai 
(1959 , 1960 , 1961) . The first of the two models examined 
by Nagai (1959, 1960) was the more rigorous taking into 
account bond lengths , valence angles and restriction of 
rotation of chain elements. In the other simpli£ied 
model (Nagai , 1961) each helical region conta ining h 
hel i cal monomer units was replaced by a rod of length 
hlh ' where lh is the distance along the -helix axis per 
monomer unit and is equal to 1.5A0 • Each coil ed region 
containing c monomer units was replaced by a freely 
jointed chain of c segments with length 1. The va lues 
C 
of 1 was selected in such a manner that the mean-square 
C 
end- to - end distance 
- 2 
he 
given by the following: 
where n is the degree of polymerisa tion. 
Since le was obtained from experimental data any 
eff ect tha t the solvent h ~s on the di mensions of the coil 
is taken into account. By summing over all possible 
angles Nagai obtained a relationship between the mean-
square length of the macromolecule, relative to the mean-
square length of the coiled chain, and the equilibrium 
constants . The relationship showed that in the region 
of the transition, that is, for s equal to unity, that 
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the increase in chain dimensions during the transition 
from a coiled structure to a helical structure ( this 
occurs for n > 280) is preceded by a decrease in macro-
molecular dimens i ons . This is explained by the fact 
that the introduction into the chain of helical segments 
each of which contains a comparatively small number of 
monomer units , shortens the chain . That is to say, thet 
the mean- square dimensions of the helical region, mlh' 
are smaller than the mean- square dimensions of the corr-
esponding coiled region mlc . However, the theory has 
not taken into account short range interactions between 
monomer units that will occur when the helix is charged. 
Ptitsyn and Skvortsov (1965) have shown that such short 
range interactions only deepen the minimum observed in 
the macromolecular dimensions for the model examined in 
which the transition is initiated only by the breaking of 
hydrogen bonds in any part of the helix . 
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The decrease in macromolecular dimensions i mnediately 
preceding the transition from coil to helix has been obs-
erved by Doty et al . (1957 ) who found that the intrinsic 
viscosity of poly-L- glutamic acid passes through a sharp 
minimum before the normal increase associated with helix 
formation . Similar results have been obtained for poly-
L- lysine (Applequist and Doty, 1962). In this work no 
minima were observed in macromolecul2.r dimensions at the 
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transition. The minima may not have been observed if 
they took place over a small range of solvent composition 
or if they were so shallow as to be within experimental 
error . In view of the number of samples investigated, it 
is thought that the above reasons are unlikely. Two 
possible sources of error are di scernible in Nagai 's 
calculations. The value of h 2 was calculated using exp-
c 
erimental values obtained in 100% DCA. The solvent eff-
ects on the dimensions of the coil a re most likely to be 
different when the solvent is composed of 80% DCA/ 20% EDC . 
If 100% DCA is a "better" solvent than 80% DCA/ 20% EDC 
then the dimensions of the coil in the latter solvent 
woul d be smaller than those in the former solvent due to 
intramolecular attraction considerations. If 100% DCA is 
a "poorer" solvent , the change in coil dimensions would 
be the reverse . In either case a change in dimensions 
would be reflected in the v alue of 1. The experimental 
C 
data obtained in this work does not show any such solvent 
effect . 
The value Nagai used for lh is for a rigid helix , 
whereas observations in this work show that in the region 
immediately preceding the transition from helix to coil 
the helix shows a considerable amount of flexibility and 
lh would certainly not be the value Nagai chose. Exa.m-
_ination of Nagai ' s equation shows that an incorrect choice 
of lh would not probably alter the results . It can 
therefore be concluded that the abs ence of minima in the 
region immediately preceding the transition from coil to 
helix shows that PBG does not go through a stage which 
comprises short lengths of helix alternated with short 
lengths of random coil. 
The maxima observed in macromolecula r di mensions 
for low DP molecules is undoubtedly due to unwinding 
w 
from the ends. For , if the transition is initia ted only 
by the breaking of hydrogen bonds a t the ends of the 
helices, long range interactions lead to the result that 
the dimensions of the macromolecule pass through a max-
imum and not a minimum, providing that the random ends 
are shorter than the critical length at which 1 (helix) 
av 
7lav (coil). (Birshtein and Ptitsyn, 1966). 
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SECTION II: THE FI NAL MODEL 
The experimental results of some authors, (Stewart 
et al., 1967; Markley et al., 1967.) in relation to this 
work have already been discussed in previous sections. 
Of particular relevance to this work are the results of 
Hanlon (1966). A series of earlier studies (Klotz and 
Franzen, 1962; Hanlon et al., 1963; Klotz et al., 1964; 
Hanlon and Klotz, 1965) ha d enabled Hanlon to assign 
infra red absorption bands for the peptide NH stretching 
vibration in the protonated and unprotonated forms. 
Examination of infra red spectra of PBG in mixed solvents 
of EDC and DCA showed a unique protonation pattern for 
100 
PBG characterised by two transition regions. One occurred 
at low acid concentrations, the other between 75% and 80% 
DCA. Thi~ work supports the presence of two transition 
regions in the protonation pattern of PBG. However, wh ereas 
Hanlon observed that the fraction of peptide residues prot-
onated in each transition region were roughly equal, ea ch 
representing some 40% of the tota l number of peptide res-
idues, this work indicates tha t at the first transi t ion 
about 10% of the residue is protona ted. The f i gur e of 10% 
was calcula ted from NTVIR da t a a ssuming t hat t h e shi ft of 
42c/s observed in the a cH resonance r epresents 100% prot-
onation. The rea son for t h e discrepancy between the two 
values is not known. Compa rison of t h e mm chemi cal shi fts 
• 
of the a-cH protons with the corresponding viscosity 
change (Figs 4A-4D) indicate that at the second transit-
ion between 50% and 80% of the peptide residues are prot-
onated. An exact figure is difficult to assign due to 
the nature of the transition. At 90% protonation the 
transition from the helix to the random coil is complete. 
It is found that the following model will fit 211 
the data presented in this work. 
On the addition of small amounts of acid to the 
solvent, some protonation of the amide residues occurs. 
Due to rapid proton exchange along the helix via the n th , 
(n+3) th , etc. amide linkages, the molecule experiences an 
average environment, that is, the helix experiences a 
charge density rather than a number of singly charged 
amide residues. Due to the co-operative nature of the 
hydrogen bonds, the terminal residues are the most weakly 
held in the helical form. Increasing arnounts of acid in 
the solvent increase the charge density. Since the term-
inal residues are the most weakly held , they are broken 
initially purely by electrostatic repulsion. Once broken 
they become almost fully charged. The cha rge density on 
the remaining helical section causes an increase in flex-
ibility of the helix. As the acid content of the solvent 
is increased, the charge density of the helix increases 
hence more terminal disorder occurs and the flexibility 
of the remaining helical section increases. The amount 
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of terminal disorder depends only on the charge density 
present on the helix, and hence_on the strength and cone-
entration of the acid. It is independent of DP. w 
Due to the presence of· charges on the helix, after 
a rapid initial increase, protonation will proceed at a 
relatively slower rate. It appears from the mt.ill spectra 
tha t if any exchange occurs between the purely helical 
and the purely random residues of the molecule, the ex-
change is relatively slow (.C:5x1o-3 secs.). 
Immediately preceding the second transition the 
molecule appears n dumb-bell 11 shaped, with che.rged groups 
in the "weightstt and the 11 barn slightly flexible. It is 
probable that the addition of more acid to the solvent 
causes an abrupt collapse of the remaining helical sect-
ion. It is certain that if the calculations of Nagai 
(1961) are correct the macromolecular dimensions do not 
pass through a phase which consists of alternating short 
sequences of helical and random sections. For molecules 
of extremely low DP (DP -<-40) the transition occurs 
w w 
merely by unwinding from the terminals as shown by the 
maxima observed in the macromolecular dimensions. 
In conclusion, it can be said that protonation of 
the amide linkages is a main contribution to the helix-
coil transition in PBG. 
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